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ABSTRACT 
This dissertation focuses on the development and application of combination of the pump-probe 
technique and plasmonic nanostructures for the experimental study of heat transfer at solid – liquid 
interface. We developed the technique to measure i) the heat transfer between solid and  liquid that 
has combination of interface chemistries and liquid compositions and ii) the evaporation / 
condensation of the refrigerant on Au nanostructures.   
With the strong transient absorption signals that are created by Au nanostructures, we investigate 
heat transport of Au nanorods immobilized on a crystalline quartz substrate and immersed in 
organic fluids. We developed a numerical model to analyze the heat flow from Au nanorods to the 
surrounding fluid and to the high thermal conductivity solid support. For methanol, ethanol, 
toluene, and hexane, the thermal conductance of the nanorod / fluid interface falls within a narrow 
range, 20 < Gf < 40 MW m
-2 K-1.  
Plasmon resonances of Au nanostructures are also sensitive to the index of refraction, and 
therefore temperature, of the layer of liquid near the interface.  The increase in temperature of the 
liquid near the interface is a more sensitive probe of the interface conductance than the decay of 
the metal temperature.  With Au nanodisks (120 nm diameter x 20 nm height) on fused silica 
substrates as the heat source and temperature sensor in pump probe experiments, we studied heat 
transport between Au, self-assembled-monolayers, and liquid mixtures. We developed an 
analytical model to analyze the heat flow from Au nanodisks to the surrounding fluid. The thermal 
conductance of the nanodisks / fluid interface for nanodisks coated with a hydrophilic self-
assembled monolayer (SAM) of sodium 3-mercapto-1-propanesulfonate is 90 < G < 190 MW m-2 
K-1 as the fluid mixture is varied from pure ethanol to pure water. We applied our new approach 
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to test the hypothesis that G is linearly related to the work of adhesion W. For hydrophilic 
interfaces, W can be varied over a significant range by varying the concentration of ethanol or 
glucoside in water.   For hydrophobic interfaces, we cannot significantly vary W using this 
approach.  The thermal conductance G is largest when the work of adhesion W is greatest, but we 
do not observe a linear relations ship between G and W. 
In addition, we report experimental studies of adsorption / desorption phenomena for a system 
of Au nanodisks coated with hydrophilic / hydrophobic self-assembed monolayer, and pressurized 
with various pressure of R124. The Au nanodisks are heated by a 100 Hz modulated optical pulse; 
the thickness change of the adsorbed film on the Au surface is monitored by transient absorption 
of Au nanodisks. The thickness change of R124 film on the nanodisk coated with a hydrophilic 
self-assembled monolayer (SAM) increases to ≈ 1.5 Å as the pressure of R124 increase to 25 psi, 
while the change in the thickness of R124 film for the hydrophobic nanodisks is ≈ 0.9 Å at 25 psi. 
We relate the difference in the amount of evaporated molecules to the variations in inter-molecular 
force of each gas. 
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CHAPTER 1  
INTRODUCTION 
 
1.1 Motivation 
Understanding of heat transport across solid / liquid interfaces is critical in designing nanoscale 
heat sources for applications in nanotechnology and thermally-based medical therapies. At a 
fundamental level, understanding how the surface and liquid property affects heat flow across solid 
/ liquid interface provides a way to use heat transport measurements as a probe of interfacial 
structure and chemistry. [1,2] Prior work in this field includes systematic studies of photothermal 
therapy, and drug delivery using various nanoparticle geometries, e.g., Au-silica nanoshells, Au 
nanorods, and colloidal Au nanoparticles.[3-5] However, many studies have focused on heat 
transfer at the interface of solid / water rather than heat transfer at the solid / organic liquid interface 
and solid / thin liquid layer on the solid surface, because the small thermal effusivity of the liquids 
greatly reduces the sensitivity of the experiment to the thermal conductance of the interface, which 
generate the small signal to noise ratio. 
The motivation of this dissertation is to improve the research on the heat transport between solid 
and fluid by developing a new experimental method based on strong and wavelength dependent 
transient absorption created by the plasmon resonance of Au nanostructures. We use  
44 nm × 11 nm Au nanorods, and 120 nm diameter nanodisks as the heat source and temperature 
sensors which are sensitive to the changes in the temperature of Au, and the temperature of the 
surrounding fluids. The strong transient absorption signals that are created by Au structures enable 
us to study the heat transfer in the system where the amount of the heat transferred to the 
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surrounding are small such as small effusivity of the organic fluids, and the adsorbed layer on the 
Au nanostructures. 
We further investigated the kinetics of evaporation / condensation of the refrigerant on the Au 
surface induced by the heat transferred from the hot Au surface to the adsorbed refrigerant layer. 
Studying the heat transfer at the solid-liquid interface and the kinetics of liquid-to-vapor 
transformation at the nanoscale will guide the fundamental understanding of heat transfer at solid-
liquid interface. 
We organized the dissertation as follows. Background on conventional techniques to measure 
the thermal conductance at solid-liquid interface is described in the rest of Chapter 1. Chapter 2 
presents the experimental technique, apparatus, and thermal models I have used including how to 
measure the temperature of Au nanostructure and how to analyze the experimental data. Chapter 
3 describes a study of heat transport at solid-organic fluid interface. Chapter 4 reports a study of 
the effects of Au surface chemistry and liquid composition on heat transport across solid / fluid 
interfaces. Chapter 5 focuses a study of kinetics of evaporation and condensation of the refrigerant 
on the Au surface. Chapter 6 presents a study of heat transfer at the solid / liquid interface at near 
the critical temperature and critical pressure. Finally, Chapter 7 presents my conclusion. 
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1.2 Experimental Studies of Thermal Conductance at Solid – Liquid Interface 
In this section, We present several experimental methods to study on thermal transport across 
the solid-liquid interfaces. Experiments on the thermal conductance of interfaces between solid 
and fluids have typically employed suspensions of metal nanoparticles in water or organic solvents 
[6] using transient absorption technique. The metal nanoparticles are typically made soluble in 
water by adsorbed surfactants; the interfaces that are studied in this case are relatively thick and 
include the thermal conductance of the metal / surfactant interface, the surfactantmolecules, and 
molecule / water interface added in series.  The thermal conductance of the interface in this case 
is typically large, 100 < G < 200 MW m-2 K-1.[7] Recently, the interface thermal conductance G 
of Au nanorods covered with hexadecyltrimethylammonim bromide (CTAB) was reported to be 
45 < G < 85 MW m-2 K-1 with G decreasing with increasing CTAB concentration. [8] Alkane-thiol 
terminations can be used to make metal nanoparticles soluble in organic solvents.  For metal 
nanoparticles suspended in toluene, G is significantly smaller than in water, G ≈ 15 MW m-2 K-1 
but the uncertainties in these measurements were large.[7] 
A planar metal film coated by a self-assembled monolayer using the time-domain 
thermoreflectance measurement was also employed to study the effect of surface chemistry on the 
heat transfer at the metal-water interface. Ge et al. measured the thermal conductance of a 
hydrophobic Au surface created by coating with 1-octadecanethiol (C18)as 50 MW m
-2 K-1; and 
the thermal conductance of a hydrophilc Au surface created by coating with 11-mercapto-1-
undecanol (C11OH)as 100 MW m
-2 K-1. More recently, Harikrishna et al, also used planar 
interfaces of water / Au thin film treated with a series of self-assembled monolayer to vary the 
chemistry of the liquid/solid interface. [9] These recent results describe that the thermal 
conductance of an interface is proportional to the work of adhesion.  
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1.3 Molecular Dynamics (MD) Simulations of Interface Thermal Conductance 
Molecular-level calculations and simulations of thermal transport are quite common and have 
provided important insight into mechanism of thermal transports in liquids, crystalline structures, 
and nanostructured materials, [10-12]  because MD simulation can allow the systematic variation 
in molecular complexity and intermolecular interactions without being encumbered by interplay 
between other factors influencing the experimental results. 
Huxtable et al. investigated the heat flow from various lengths of single-walled nanotubes to an 
octane liquid using the molecular dynamics simulations. They reported the thermal conductance 
at the nanotube and octane as ~25 MW m-2 K-1. [13] Sehnogina et al. performed molecular 
dynamics simulations of heat flow from solid surface to water using a broad range of surface 
chemistries from hydrophobic to hydrophilic properties. They showed excellent agreements with 
the experiment results on similar system of Ref. 14. They described a linear dependence of G on 
W that was observed in experiments using a series of surface functionalizations that produce 
systematic changes in W. [1]  The work of adhesion W is the work needed to separate the liquid 
from the solid. 
  (1 cos )W ,  (1) 
where γ is the surface tension of the liquid, and θ is the liquid contact angle. 
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CHAPTER 2  
EXPERIMENTAL 
 
2.1 Time-domain Thermal-reflectance (TDTR) 
2.1.1. TDTR Experimental Apparatus 
Figure 2.1 (a) shows the schematic diagram and picture of our TDTR apparatus at University of 
Illinois. We use a mode-locked Ti:sapphire laser that produces a series of <0.2 ps pulses at a 
repetition rate of 80 MHz. The laser output is split into a ‘‘pump’’ beam which induce temperature 
increase of the metal transducer, and a ‘‘probe’’ beam, which detects small changes in optical 
reflectance due to changes of the metal transducer temperature. [1]  
Dispersion in the optics increases the cross-correlation time of the pump and probe to 0.7 ps. [2] 
Pump and probe power are measured by a calibrated silicon photodetector prior to the objective 
lens. The 5 objective lens (f=40 mm) focuses the pump and probe beams to a 1/e2 intensity radius 
of 10.5 µm.  The reflected probe beam is focused on a Si photodiode detector with a 30 cm focal 
length lens. The output of photodiode was sent through a preamplifier with a voltage gain of 5 and 
then measured by an rf lock-in amplifier synchronized to the modulation frequency of the pump 
beam, 9.8 MHz with 50 % duty cycle. The output of the rf-lock-in amplifier is measured by two 
computer based audio frequency lock-in amplifiers synchronized to the 200 Hz frequency of the 
mechanical chopper in the path of the probe beam.  
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Figure 2.1 (a) Optical layout of transient absorption apparatus. (b) Schematic of fluid cell. The 
pump and probe light was passing thought the sample and optical window from the front side of 
the sample. 
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We determined the change of the metal transducer R by  
0
2inVR
R V gQ
 
  
  ,  
(1) 
where R is the optical reflectance of the metal transducer at 785 nm, g = 5 is the gain of the 
preamplifier, Q ≈ 10 is the quality factor of the resonant circuit, Vin is the in-phase voltage signal 
of rf lock-in amplifier, and Vo is the average dc voltage generated by the photodiode detector.  
To prevent diffusely scattered pump light from arriving the Si photodiode detector, we use sharp 
edged optical filters to spectrally separate the pump and probe beam. [2] Ti:sapphire laser we use 
in our TDTR measurement has a spectral output centered at 785 nm with a spectral width of 10 
nm.  We use a 785 nm sharp-edge long-pass filter to use the wavelength of the pump beam longer 
than 785 nm. We placed Semrock 785 nm sharp-edge short-pass filter to block the diffusely 
scattered  pump  light reflected from the sample.  
 
2.1.2 Modification of TDTR for Transient Absorption Measurement 
We modified our TDTR apparatus to measure transmission absorption. As shown in Fig 2.1 (a), 
the Si photodiode detector is placed after the sample in the path of the probe beam to measure the 
transmitted probe light. Two sharp edged optical filters are removed from the thermoreflectance 
setup to use the wavelength of pump and probe beam from 750 nm to 850 nm. To prevent diffusely 
scattered pump light from reaching the Si photodiode detector, we use an aperture and polarized 
beam splitter between the sample and the Si detector. The fluid cell in Fig 2.1 (b) is composed of 
two metal plates which has 15mm diameter hole in the center and Viton O-ring between the sample 
and fused silica optical window. Pump and probe light can pass through the holes in the center of 
the metal plates. 
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2.2. Additional Equipment on Transient Absorption System for High Pressure Experiment 
2.2.1 Equipment for Evaporation and Condensation Experiment 
The evaporation / condensation apparatus is shown schematically in Fig. 2.2. The chamber has 
two sight window of fused silica which the pump and probe beam pass through. The chamber is 
evacuated with a dry scroll vacuum pump, and the pressure for the vacuum is monitored with the 
convection vacuum gauge.  With closing the valve in a line that leads to the vacuum pump, the gas 
was supplied from the gas cylinder. The pressure controlled by the regulator is monitored with a 
piezoresistive transducer (PXM409-010BAV, Omega).  
 
Figure 2.2 Schematic diagram of the apparatus for high pressure experiment. The pump and probe 
light passes through two sight windows of the sample cell. The system is evacuated using the dry 
scroll vacuum pump, and the regulator controls the gas pressure which is monitored with the 
convection vacuum gauge and piezoresistive transducer. 
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2.2.2 Equipment for High Temperature and High Pressure 
The experimental apparatus is shown in Fig. 2.3 (a) and (b). The apparatus is mainly composed 
of the pressure cell which the sample is placed inside, the metal bellow for pressurizing the 
refrigerant, and recovery part for collecting used refrigerant. The probe beam passes through the 
sapphire substrate from the back side of the sample, and pump beam enters into the pressure cell 
from the front side of the sample. 
The pressure cell has optically flat sight windows (φ=0.9 mm, t=0.45 mm, Rayotek, USA) of 
the fused silica which is designed for using up to 200 oC and 600 psi. A ceramic ring heater (φ = 
38 mm, Watlow) on the pressure cell enables the sample temperature to be raised, and the pressure 
cell is insulated from the air using the fiber glass and aluminum foil. The temperature of the 
pressure cell is monitored with Pt resistance thermometer (RTD, Omega). 
The pressure cell is evacuated with a turbo pump up to < 3×10-6 mbar. The refrigerant is then 
injected into the system with opening the valve of the refrigerant cylinder. We used the liquefied 
2-chloro-1,1,1,2-tetrafluoroethane (R-124, Dupont). The pressure of R124 in the gas cylinder 
keeps constant as the vapor pressure of 55 psi at room temperature. The R124 in the system is 
pressurized using N2 gas and the metal bellows. Figure 2.3 (c) shows details of the metal bellow 
and the nipple. The metal bellow separates the refrigerant from the N2 whose pressure can be 
controlled by the regulator. Controlling the refrigerant pressure is thus possible by the N2 pressure 
acting on the metal bellows. The used refrigerant is collected into the recovery cylinder using a 
compressor (Gast, USA) with closing all the valves except the valve in a line that leads to the 
compressor. 
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Figure 2.3 (a) Schematic diagram (b) picture of experimental apparatus. (c) The details of the 
metal below. To prevent the N2 from dissolving into the refrigerant, N2 gas indirectly pressurizes 
the refrigerant using the metal bellows.  
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2.3 Au Nanorods Synthesis and Characterization 
2.3.1 Au Nanorod Synthesis 
We synthesized Au nanorods by a seed-mediated and silver-assisted method. [3] Au seeds were 
first synthesized by mixing 9.75 mL of 0.1 M CTAB with 0.25 mL of 0.01 M HAuCl4 solution, 
followed by adding 0.6 mL of 0.01 M ice-cold NaBH4. To make Au nanorods, 9.5 mL of 0.1 M 
CTAB, 0.5 mL of 0.01 M HAuCl4 and 100 μL of 0.01 M AgNO3 were mixed. 55 μL of 0.1 M 
ascorbic acid were added into the mixture. After inverting the solution until the color faded to 
transparent, 12 μL of the Au seeds solution was added. The Au nanorod solution was then purified 
2 times by spinning down the nanorods at 11000 rpm for 20 min. The final purified Au nanorod 
solution is obtained by discarding the supernatant after centrifugation and diluting the remaining 
pellet to 1 mL with water. We immobilize Au nanorods directly on the negatively-charged surface 
of a quartz crystal. We initially clean the crystalline quartz support by heating in air at 500 oC for 
30 min. After allowing the support to cool to room temperature, the support was immersed into 
the as-prepared Au nanorod solution for 10 min. The sample was rinsed in ethanol and dried with 
nitrogen gas. 
2.3.2 Characterization of Au Nanorods 
Optical spectroscopy of the Au nanorods was performed with a Varian Cary 5 
spectrophotometer. The coverage and distribution of the nanorods on the surface of quartz support 
was studied by scanning electron microscopy (SEM, Hitachi 4800, Germany). The SEM sample 
was coated with ≈ 1.5 nm Pt film to avoid charging. To characterize the size and shape of the 
nanorods, we used transmission electron microscopy (TEM, JEOL 2100 Cryo, Japan). The TEM 
sample was prepared by placing a drop of Au nanorod solution diluted by a factor of 50 on a 
carbon-coated copper grid. 
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2.4 Self-Assembled Monolayers (SAMs) on Au surface 
Self-assembled monolayers (SAMs) were deposited on Au nanodisk for making nanodisk 
surface hydrophilic and hydrophobic.  The Au nanodisk on the fused silica substrate were 
functionalized with 1-undecanethiol (CH3(CH2)9CH2SH) making nanodisk surface  hydrophobic. 
Sodium 3-mercapto-1-propanesulfonate (SH(CH2)3SO3Na) was used to functionalized the surface 
of Au nanodisk making the surface hydrophilic. The samples were immersed into an ethanol 
solution of 1 mM CH3(CH2)9CH2SH or an aqueous solution of 5 M SH(CH2)3SO3Na for 24 
hours.[4] The samples were rinsed in the DI water and dried with nitrogen gas. 
 
2.5. References 
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114901. 
(3) Sau, T. K.; Murphy, C. J.  Langmuir 2004, 20, 6414-6420. 
(4) Love, J. C.; Estroff, L. A.; Kriebel, J. K.; Nuzzo, R. G.; Whitesides, G. N. Chem. Rev. 2005, 
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CHAPTER 3 
AU NANORODS AS PROBES OF THERMAL TRANSPORT  
 AT AU / ORGANIC FLUID INTERFACE 
Significant components of this chapter were published in J. Phys. Chem. C 116, 26335-26341 
(2012) by Jonglo Park, Jingyu Huang, Wei Wang,  Catherine J. Murphy, and David G. Cahill 
3.1. Introduction 
The production of large temperature excursions confined to nanoscale dimensions requires both 
a nanometer-scale source of heat and an extremely high intensity of heat.[1,2] High intensity, 
nanoscale heat sources are typically created by the absorption of short duration laser pulses by 
metallic nanoparticles.  Fast temperature excursions, i.e., fast time-scales for the heating and 
cooling of the nanoparticle, localizes the temperature field to the thermal diffusion distance in the 
surrounding matrix. On short time-scales, the cooling-rate of the metal nanoparticle and the 
temperature rise in the surroundings are controlled by the thermal conductance G of the 
nanoparticle / matrix interface.[3]  
Understanding of heat transport between a heated nanoparticle and its surroundings is a 
necessary first step in designing nanoscale heat sources for applications in nanotechnology and 
thermally-based medical therapies. In the past several years, systematic studies of photothermal 
therapy have been carried out using various nanoparticle geometries, e.g., gold-silica nanoshells, 
Au nanorods, and colloidal Au nanoparticles.[4-6] The temperature of Au nanoparticles heated by 
1 kHz pulsed laser and phase transformation in surrounding water was investigated using 
synchrotron-based x-ray diffraction.[7]  
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Experiments on the thermal conductance of interfaces between solid and fluids have typically 
employed suspensions of metal nanoparticles in water or organic solvents.[3] This approach 
greatly limits, however, the types of interfaces that can be investigated because of the experimental 
requirement of a homogeneous stable suspension.  For example, metal nanoparticles are typically 
made soluble in water by adsorbed surfactants; the interfaces that are studied in this case are 
relatively thick and include the thermal conductance of the metal / surfactant interface, the surface 
molecules, and water added in series.  The thermal conductance of the interface in this case is 
typically large, 100 < G < 200 MW m-2 K-1.[8] More recently, the interface thermal conductance 
G of Au nanorods covered with hexadecyltrimethylammonim bromide (CTAB) was reported to 
be 130 < G < 450 MW m-2 K-1 with G decreasing with increasing CTAB concentrations.[9]  A 
subsequent study of Au nanorods covered with various ligands—mercaptoundecanoic acid 
(MUDA), mercaptohexadecanoic acid (MHDA), and thiolated polyethylene glycol (PEG)—found 
G=175 ± 75 MW m-2 K-1, G=163 ± 35 MW m-2 K-1, and G=, respectively.[10] They, however, 
did not consider possible systematic errors introduced by the temperature dependence of the index 
of refraction of the liquid. Alkane-thiol terminations can be used to make metal nanoparticles 
soluble in organic solvents.  For metal nanoparticles suspended in toluene, G is significantly 
smaller than in water, G ≈ 15 MW m-2 K-1 but the uncertainties in these measurements were large 
(see the discussion in section 4 of ref 8.) 
We have previously studied the thermal conductance of a hydrophobic interface with water using 
a planar metal film coated by a self-assembled monolayer.[11] We have not been able to use this 
approach to study interfaces with organic fluids because the small thermal effusivity of organic 
fluids, i.e., the square root of the product of the thermal conductivity and heat capacity per unit 
volume, greatly reduces the sensitivity of the experiment to the thermal conductance of the 
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interface. (The thermal effusivity of a typical organic solvent is a factor of ≈3 smaller than the 
thermal effusivity of water.) Here, we describe a new approach and provide new data for the 
thermal conductance of interfaces with organic fluids using CTAB-coated Au nanorods dispersed 
on a solid, high thermal conductivity support.  The high thermal conductivity support has the added 
benefit of reducing the accumulation of heat from the high repetition rate (80 MHz) laser that we 
use for the transient absorption experiments.  
Au nanorods have strong optical absorption in the near-infrared that can be tuned by controlling 
the length-to-diameter aspect ratio.[12] Au nanorods have two wavelength bands of strong optical 
absorption. Transverse oscillation of the charge density creates an absorption band with a 
wavelength of maximum absorption near 500 nm independent of the aspect ratio. Longitudinal 
oscillations of the charge density create an absorption band with a wavelength of maximum 
absorption that increases with increasing aspect ratio. The absorption spectra of Au nanorods are 
well-described by the Gans model, an extension of Mie’s theory to prolate and oblate spheroidal 
particles.[13,14] The peak absorption of the Au nanorods also depends on temperature. Thus, 
measurements of transient absorption by pump-probe methods provide a sensitive method for 
probing the changes in the temperature of the rapidly heated Au nanoparticle.[15] The strong 
transient absorption signals that are created by Au nanorods enable us to overcome a limitation in 
our previous studies where the optical Kerr effect obscured the temperature-related transient 
absorption response at short time scales.[3,8] 
Supported nanoparticles produce, however, a complication in the analysis of the data: we must 
consider heat flow between the nanoparticle and the surrounding fluid as well as heat flow between 
the nanoparticle and the support. We have developed an approximate three-dimensional heat flow 
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model in cylindrical coordinates that captures the effect of interface thermal conductance of the 
Au nanorod / fluid interface and the Au nanorod / support interface.  
 
3.2. Pump-Probe Transient Absorption Measurement 
Transient absorption measurements typically use pump and probe beams with orthogonal linear 
polarization. Because the longitudinal surface plasmon resonance of Au nanorod is strongly 
dependent on the orientation of the nanorod relative to the polarization,[19,20] we insert a quarter-
waveplate before the sample to produce pump and probe beams with orthogonal circular 
polarizations. (A second quarter wave is placed after the sample to restore linear polarization and 
facilitate separation of the pump and probe using a polarizing beam-splitter.)  With circularly-
polarized pump and probe, we suppress dependence on the orientation of the Au nanorods. This 
approach also increases the signal by a small amount, a factor of π/2, relative to the case of linearly-
polarized pump and probe with the same average power. 
With 1.5 mW average pump beam power, 5% surface coverage, and 6% absorption of the 
nanorods, the temperature increase created by heating from each pump optical pulse is ≈5.5 K 
when averaged over all nanorods. Heating by the pump beam is not, however, the same for all 
nanorods because the distribution of aspect ratios creates inhomogeneous broadening of the optical 
absorption.  The homogeneous width (full-width-at-half-maximum) of the absorption is expected 
to be ≈ 30 nm based on prior measurements of individual nanorods and the predictions of the Gans 
model.[21,22] The observed inhomogeneously broadened width of the absorption peak, ≈120 nm, 
is a factor of ≈4 larger than the expected homogeneous width. A rough estimate of the maximum 
temperature of the nanorods is the average temperature increase, 5.5 K, multiplied by the ratio of 
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the inhomomegenous-to-homogeneous line-width and multiplied by an additional factor of 2 to 
take into account that the peak laser fluence at the center of the pump is a factor of 2 larger than 
the average fluence; i.e., we estimate that the maximum temperature rise of a nanorod in the sample 
is ≈40 K. 
We compare this estimate to a calculation of the maximum temperature based on the peak optical 
absorption cross-section of Au nanorods. Ekici, et al. calculated the absorption cross-section of 
Au nanorods with almost the same dimensions as ours (44 / 10.7 nm) using the Absorption by 
Discrete Dipole Approximation (ADDA). In this work the Au dielectric constant was corrected for 
size-induced damping and yields 3800 nm2 for the optical cross-section for linearly polarized 
light.[23] The maximum temperature increase ΔT is then  
0.5

 
p p
Au NR
F
T
C V ,
  (2) 
where CAu is the heat capacity per unit volume of Au, VNR is the nanorod volume, and Fp is the 
peak fluence of the pump beam. The factor of 0.5 takes into account the circular polarization of 
the pump beam. Using CAu = 2.48 J cm
-3 K-1 and Fp = 22 µJ cm
-2, ΔT ≈ 40 K, in good agreement 
with the estimate above. We conclude the maximum temperature excursion in the sample is ≈20% 
of the absolute temperature and we expect that the transient absorption response will be linear; i.e., 
the thermal properties of the sample will not depend on the temperature excursion or time delay 
between pump and probe.  
 
  
19 
 
 
Figure 3.1 (a) Optical absorption spectra of supported Au nanorods in air, and immersed in 4 
fluids. Tr is the optical transmission. The peak absorption varies because the areal density of 
nanorods varies between samples. (b) The wavelength for peak optical absorption as function of 
the refractive index of the fluids.  Measurements from panel (a) are shown as filled circles.  The 
red squares shows the expected position of the longitudinal plasmon resonance for Au nanorods 
of aspect ratio of 3.9± 0.4 based on a calculation that takes into account the index of refraction of 
the quartz substrate.  
3.3. Results 
3.3.1 Optical Absorption Spectra of Au Nanorods 
The optical absorption spectra of the Au nanorods supported on crystalline quartz in 5 different 
ambients—air, ethanol, methanol, toluene, and hexane—is shown in Fig. 3.1 (a). (We could not 
study supported Au nanorods in water because the nanorods detach from the support when 
immersed in water.) The absorption intensities at the peak are not the same in the different data  
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Figure 3.2 (a) Scanning electron microscopy image of Au nanorods supported on crystalline 
quartz. The fractional surface coverage by the projected area of the Au nanorods is ≈ 5 %. (b) 
Transmission electron microscopy image of the Au nanorods dispersed on a carbon-coated Cu 
grid; The aspect ratio is 3.9 ± 0.4, length 44 ± 4 nm, width 11 ± 1 nm. 
sets because of variations in the areal density of nanorods for the different samples. The peak 
wavelength where the absorption of the nanorods is maximum increases with the dielectric 
constant of the surroundings [13,21], from 750  nm in air to 850 nm in toluene. 
The peak wavelength of the absorption for the 5 cases is plotted as function of refractive index 
of surrounding fluid in Fig. 3.1 (b). The red circles are a calculation considering the effect of the 
substrate using the method of image charges.[24,25] The error bars on the calculated data points 
reflect the spread in the aspect ratio of 3.9±0.4 as determined by TEM imaging, see Fig. 3.2 (b). 
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Data for peak wavelength of absorption for the organic fluids is in good agreement with the 
calculation; the predicted wavelength of the peak absorption in the air, however, is ≈40 nm greater 
than observed. We attribute this red-shift of the absorption in air to the index of refraction of the 
CTAB-coating of the nanorods [26] that is not accounted for in our calculation.   
 
3.3.2 Characterization of Au Nanorods Size and Distribution  
The distribution and size of Au nanorods on the surface of quartz is characterized by analysis of 
SEM and TEM images. From SEM images, see Fig. 3.2 (a), we see that the Au nanorods are  
evenly distributed and the fractional surface coverage (Au nanorod projected area / total area) is 
0.05. From TEM imaging, see Fig. 3.2 (b), we determine the size, shape, and aspect ratio of the 
nanorods: length 44±4 nm, diameter 11±1 nm, aspect ratio 3.9±0.4. The spread in aspect ratio is 
determined directly from the images while excluding spherically-shaped particles. 
 
3.3.3 Transient Absorption of Au Nanorods in Organic Fluids 
In Fig. 3.3, we plot the transient absorption measured for the Au nanorods supported on quartz 
in the same 5 ambients. In these experiments, the pump and probe wavelengths are tuned to 
coincide the wavelength of peak absorption. At short delay time (< 2 ps), the transient absorption 
signal shows an abrupt peak and rapid decay which is caused by non-equilibrium between 
electrons and phonons.[15,27] After the electrons equilibrate with the lattice, the transient 
absorption signal comes mostly from the lattice temperature of the Au nanorods. The thermal 
decay of the nanorods in the air has a single exponential behavior.  In the case of a fluid ambient, 
the thermal decay is not a simple exponential. Heat dissipation from the Au nanorods into the  
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Figure 3.3 Transient changes in the optical absorption created by heating of supported Au 
nanorods by the pump optical pulse; ΔTr is the measured change in optical transmission of the 
probe beam. Data for the sample measured in air are compared data for the sample immersed in 
four fluids. 
support still occurs but most of the heat transport is through the nanorod / fluid interface and into 
the surrounding fluid.   
3.3.4 The Effect of The Changes in The Temperature of Fluid on The Transient                 
Absorption Signal   
Shifting the wavelength of the pump and probe away from the peak optical absorption reveals 
a contribution to the transient absorption signal from the temperature dependent changes in the 
index of refraction of the surrounding fluid. [28,29]  Figure 3.4 shows the raw transient absorption 
data and the apparent values for the two interfaces conductances Gs and Gf  extracted from the data 
acquired at different choices for the wavelength of pump and probe. With increasing wavelength, 
the decay of the transient absorption signal becomes progressively slower and the extracted values 
of Gs and Gf are reduced. 
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Figure 3.4 (a) The transient absorption signal acquired using different wavelengths of the pump 
and probe for supported Au nanorods in hexane. (Pump and probe are centered at the same 
wavelength). The wavelength of peak optical absorption is 835 nm.  The decay of the signal is 
faster at shorter wavelengths because the contribution to the signal from the temperature of the 
fluid adjacent to the nanorod opposes the contribution to the signal from the temperature excursion 
of the nanorod. (b) Interface thermal conductance of Au nanorod / fluid, Gf, and Au nanorod / 
substrate, Gs, extracted from the data as a function of the laser wavelength. 
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Figure 3.5 The transmittance (red solid line) calculated using the Gans model for Au nanorods of 
11×44 nm2. ΔTr / ΔT is the change in optical transmission of the nanorod with respect to changes 
in the temperature of the nanorod itself (blue solid line), and the temperature of the surrounding 
media (black solid line). The surrounding media is ethanol with a refractive index of 1.361 and the 
temperature dependence of the ethanol refractive index of -4.0×10-4 K-1. The blue dash line 
indicates the wavelength of absorption peak of Au nanorod. 
These results can be understood based on the Gans model. In Fig. 3.5, we plot the calculated 
changes in the optical absorption of a nanorod with respect to changes in i) the temperature of the 
nanord itself; and ii) the temperature of the surrounding media. The parameters in the model are 
the Au nanorod aspect ratio of 3.9; the Au dielectric constant of ε1 = -22.6 and ε2 = 1.45 at the  
wavelength of peak absorption; the temperature dependence of the Au dielectric constants of dε1 / 
dT = 3.7×10-6 K-1 and dε2 / dT= 1.5 ×10-3 K-1 that we have determined using ellipsometry 
measurements of Au thin film at 25 oC and 157 oC;[30] the ethanol refractive index of 1.36 as the 
surrounding media; and the temperature dependence of the ethanol refractive index of -4.0×10-4 
K-1.[31] At wavelengths blue-shifted from the peak absorption, the contribution to the transient 
absorption signal from heating of the surrounding fluid has the opposite sign as the contribution to 
the signal from the temperature of the Au nanorod.  Near the absorption peak, the contribution 
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from the heating of the surrounding fluid changes sign; and at wavelengths red-shifted from the 
peak absorption, the contribution to the transient absorption signal from heating of the surrounding 
fluid enhances the contribution to the signal from the temperature of the Au nanorod.  
 
3.4. Thermal Transport Model and Data Analysis 
We developed a numerical model, see Fig. 3.6, to analyze the heat flow from the Au nanorods 
to the surrounding fluid and support. We build on the approach described in ref 9 and use a two-
dimensional partial-differential-equation solver and map a cylindrical heat flow problem in r and 
z coordinates into the x-y plane using a change of variables.  This approach does not precisely 
represent the geometry of the problem we are studying—nanorods supported on a crystalline 
support—but  we believe this approach captures the essence of the thermal transport problem and 
provides reliable values for the interface conductance within the experimental uncertainties.  The 
alternative would be to carry out a full three-dimensional numerical solution using finite element 
modeling, a complex undertaking that requires substantial computational power. 
A main difficulty in this approach is to model the thermal contact to the support.  In the 
experiment, the nanorod is adjacent to a high thermal conductivity solid support and has a contact 
area with a width that is comparable to the nanorod radius. We model heat flow into the support 
by adding a small diameter heat sink of essentially infinite heat capacity at the center of the 
nanorod. A thin layer with low thermal conductivity separates the Au nanorod from the heat sink; 
this thin layer represents the thermal conductance of the nanorod-support interface. 
The model is therefore composed of 5 regions : (1) a cylindrical Au nanorod with dimensions 
11×44 nm2;  (2) a heat sink of 0.1 nm radius with nearly infinite heat capacity at the center of the 
nanorod; (3) a surrounding fluid with a spatial extent large compared to the thermal diffusion  
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Figure 3.6 Schematic of the cross-section of the three-dimensional cylindrical model used for 
analyzing the transient absorption measurements. Heat flows from the cylindrical Au nanorod to 
both the surrounding fluid and a central heat sink that represents the crystalline quartz support. 
Two interface layers, which are thin ~ 0.05 nm and have small heat capacity ~ 0.1 J m-3 K-1, 
represent the interface thermal conductance of the Au nanorod / fluid and Au nanorod / support 
interfaces, Gf and Gs, respectively. 
distance;  (4) an interfacial region of 0.05 nm thickness, small heat capacity 105 J m-3 K-1 , and 
thermal conductivity Λ1 that represents the interface thermal conductance between the Au nanorod  
and the heat sink; and (5) an interfacial region of 0.05 nm thickness, small heat capacity 105 J m-3 
K-1, and thermal conductivity Λ2 that represents the interface thermal conductance between the Au 
nanorod and the surrounding fluid. The thickness of the layer (0.05 nm) used to model the interface 
conductance is chosen to be much smaller than the nanorod radius (5.5 nm) or the Kapitza length 
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in the fluid (≈5 nm). As long as the thickness is sufficiently small, changing the thickness in the 
model does not change the value of the thermal conductance.  The heat capacities and thermal 
conductivities of the organic fluids are drawn from ref 31 and 32. There are two free parameters 
in the model: the thermal conductivities, Λ1 and Λ2, of the two interfacial regions. 
The thermal conductivity of the interfacial regions in the model can be converted into the thermal 
conductance of the interfaces by considering the dimensions in the model. The interface thermal 
conductance between the Au nanorods and the fluid is Gf = Λ2/h with h=0.05 nm.  To convert the 
thermal conductivity Λ1 of the interfacial region between the Au nanorod  and the heat sink to the 
interface thermal conductance of Au nanorod / support interface, Gs, we must also estimate the 
width of the contact are between the Au nanorod and the support. If we assume that the shape of 
Au nanorods is a five-fold twinned structure, the contact width w of the Au nanorod / support is 
w≈5.5 nm, same as the radius of the nanord.15 Therefore, the interface thermal conductance (Gs) 
of the nanorod / support will be 
1 2s
r
G
h w ,
  (3) 
where r=0.15 nm is the radius of interfacial region in the model.  
To evaluate the sensitivity S(t) of the transient absorption data to the thermal properties, we 
calculate the logarithmic derivatives of the temperature of the Au nanorod with respect to  each of 
the parameters in the thermal model, Gs, Gf, the heat capacity per unit volume of the fluid, Cf, 
and the thermal conductivity of the fluid, Λf.  For example, the sensitivity to the nanorod 
temperature to thermal conductivity of the fluid is 
( )
( )
( )
f
f
dT t
S t
T t d


 ,
  (4)   
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Figure 3.7 Sensitivity S(t), see Eq. 4, to changes in four parameters in the thermal model as a 
function of delay time t. Gf is the thermal conductance of Au nanorod / fluid interface; Gs is the 
thermal conductance of Au nanorod / support interface; Cf is a heat capacity per unit volume of 
the fluid; and Λf is a thermal conductivity of fluid.  For this example calculation of S(t), we have 
used values for the ethanol experiment. 
where T(t) is the temperature of the nanorod at time t. As shown in Fig. 3.7, the data at t>1 ns are 
no longer sensitive to Gf and heat flow is controlled by a combination of the thermal conductivity 
of the fluid and the thermal conductance of the nanorod / support interface Gs.   
 
3.5 Discussion 
Figure 3.8 shows example data and fits to the thermal model for the case of nanorods in air and 
nanorods immersed in ethanol.  The fit is constrained to delay times between 30 ps to 1.5 ns. The 
deviation (D) between the experimental data and the fit was calculated by 
2
n
Fit Data
i 1 Data
Tr Tr
D
Tr
 
  
 
 , (5) 
where TrFit and TrData are the transient absorption signal of the fit and data at a certain delay time,  
n is the number of points. The uncertainties of the interface thermal conductance come from the 
value of the thermal conductance where the deviations (D) are twice the minimum deviation   
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Figure 3.8 Examples fits of the three-dimensional heat transfer model to transient absorption data 
for (a) supported Au nanorods in air; and (b) immersed in ethanol.  The solid red line is the best 
fit used to determine the thermal conductance of the nanorod / support interface Gs and the thermal 
conductance of the nanorod/fluid interface Gf. Data symbols are the values of Gs and Gf determined 
by the best fit of the model to the data; the error bars depict the uncertainties in these values. In 
panel (b), the dashed line is the model calculation (not a fit) using the same value of Gf but with 
Gs set to zero. 
between data and fit. Data in air are fit with Gs = 140 ± 14 MW m
-2 K-1. Since the thermal effusivity 
of air is extremely small, sensitivity to Gf is also poor. We find Gf = 1 ± 8 MW m
-2 K-1. This value 
is comparable to but larger than an upper limit of the solid / gas interface conductance calculated 
from kinetic-gas theory, G = (1/3)cvv = 0.4 MW m
-2 K-1, where cv is the heat capacity per unit 
volume of air, and v the mean thermal velocity of N2 and O2 molecules.[33] 
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In the case of ethanol, the values of the two free parameters are Gs = 34 ± 20 W m
-2 K-1 and Gf 
= 32 ± 6 MW m-2 K-1. The area of the nanorod / fluid interface is 4 times larger than the area of 
nanorod / support interface. Since the values of G are comparable, at short times, t < 100 ps, when 
heat flow into the fluid is controlled by Gf, the amount of heat dissipated through nanorod / fluid 
interface is ≈4 times larger than the heat dissipated through nanorod / support interface. 
Figure 3.9 summarizes our measurements of Gf and Gs. For the thermal decay in the fluids, the 
interface thermal conductance of Au nanorod / fluid for all the fluids studied falls within a narrow 
range, 20 < Gf < 40 MW m
-2 K-1.  This result is a factor of ≈2 larger than the previous report by 
Ge et al., 15 MW m-2 K-1 for alkane-thiol terminated nanoparticles in toluene. [8] The data show 
a weak trend of increasing Gf with increasing polarity of the fluid. This experimental trend is agrees 
with the conclusions of the simulation studies of Shenogina et al. [34]. 
The interface thermal conductance Gs for the fluids is smaller than the one in the air by factor of 
≈3. Adsorbed water from humid air is likely playing a role in the larger value of Gs in air compared 
to fluids. If adsorbed water fills the gaps between the nanorod and support, we can expect a larger 
conductance because the conductance of the nanorod / water interface and the water / quartz 
interface are relatively large. When immersed in an organic fluid, we tentatively propose that 
organic fluid replaces adsorbed water in the gap. Previous work has shown that a typical thermal 
conductance of the interface between a metallic nanoparticle coated by a hydrophilic molecular 
layer and surrounding water is 100 < G < 200 MW m-2 K-1 [8], a factor of approximately 4 larger 
than what we report here for organic fluids. Thus, as water is replaced by organic fluid, we expect 
the interface conductance to drop significantly. 
To help confirm this hypothesis, we measured the thermal conductance of Au nanorod / support 
interface in the air as a function of temperature between room temperature and 100 oC to decrease   
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Figure 3.9 Summary of the experimental results for Gs and Gf obtained by fitting the experimental 
data at delay times between 30 ps to 1500 ps to the model shown in Fig. 5. For four fluids, the 
thermal conductance of the nanorod / fluid interface falls within a narrow range, 20 < Gf  < 40 MW 
m-2 K-1. The thermal conductance Gs of the nanorod / support interface in fluids is approximately 
three times smaller than one in air. 
the relative humidity from ≈50 % to <2%. With heating the sample from 30 oC to 100 oC, Gs 
decreases from 140 MW m-2 K-1 to 115 MW m-2 K-1; the conductance recovers upon cooling. 
Reduced thermal conductance at elevated temperatures is consistent with our hypothesis that water 
is playing a role in the enhanced value of Gs that we observe in air. 
We performed further tests by placing the sample in vacuum (< 10-5 mbar) at room temperature 
in an attempt to partially remove adsorbed water, and by exposing the sample to air saturated with 
water vapor in an attempt to increase the adsorption of water.  Upon changing from ambient 
humidity to vacuum, Gs decreases from 145 MW m
-2 K-1 to 107 MW m-2 K-1; we did not observe 
a difference between ambient humidity and saturated air. The decrease in the conductance in 
vacuum is similar to the decrease observed upon heating in air and gives further support to our 
assertion that adsorbed water contributes significantly to Gs measured in air. 
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3.6. Summary 
We developed a model system for studies of thermal transport surrounding nanoscale sources of 
heat using immobilized Au nanorods on quartz supports. On short time scales, t<200 ps, this 
system has high sensitivity to the thermal conductance of the nanoparticle fluid interfaces, even 
for the case of organic fluids where the thermal effusivity of the fluid much smaller than the case 
of water. We find a thermal conductance of the nanorod / organic-fluid interface in the range 20 < 
Gf < 40 MW m
-2 K-1,  a factor of ≈6 smaller than is typically observed for interfaces between 
surfactant coated metal nanoparticles with water.  
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CHAPTER 4 
AU NANODISKS AS PROBES OF TEMPERATURE OF LIQUID 
LAYER NEAR THE SOLID-LIQUID INTERFACE  
 
4.1. Introduction 
Measurements of interfacial thermal transport are providing new insights on the physical 
chemistry of solid/liquid interfaces. Experiments on planar interfaces between water and Au 
functionalized by self-assembled monolayers revealed that  the Kaptiza length—i.e.,  the ratio of 
the thermal conductivity to the interface thermal conductance G—is 6 nm larger for hydrophobic 
surfaces than and hydrophilic surfaces. Shenogina and co-workers used molecular dynamics (MD) 
simulations to relate G of aqueous interfaces to the interfacial work of adhesion W. [1] They 
described a linear dependence of G on W that was later observed in experiments using a series of 
surface functionalizations that produce systematic changes in W. [1]  The work of adhesion W is 
the work needed to separate the liquid from the solid. 
  (1 cos )W ,  (1) 
where γ is the surface tension of the liquid, and θ is the liquid contact angle. 
Here, we describe an approach using plasmonic nanostructures to improve the sensitivity of 
measurements of G of solid/liquid interfaces while maintaining a high degree of flexibility in the 
composition of the liquid and the surface functionalization of the solid.  Our scientific goal is to 
test the range of applicability of the linear relationship between G and W that has been reported 
previously for pure water.[1] 
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In a typical experiment used to determine G, a metal nanoparticle or thin metal film is heated by 
a laser pulse and the decay of the temperature of the metal is analyzed to extract G. The plasmon 
resonance of a Au nanostructure, however, is not only sensitive to the temperature dependence of 
the refractive index of Au, but also the temperature dependence of the refractive index of the 
surroundings, [2,3]  By analyzing data acquired at more than one wavelength of the probe, we can 
separate the contributions to the signal from the temperature change of the Au nanodisk and the 
temperature change of the liquid adjacent to the interface. We find that the increase in temperature 
of the liquid near the interface is a more sensitive tool for studying the interface conductance than 
the decay of the Au temperature. 
We have previously used plasmonic Au nanorods to study the thermal conductivity and heat 
capacity of hexadecyltrimethylammonim bromide (CTAB) surfactant layers [4] and the thermal 
conductance of interfaces between surfactant covered nanorods and organic liquids.[5] In both of 
these studies, we analyzed data acquired with the probe wavelength set to the wavelength of peak 
optical absorption where the transient absorption signal is relatively insensitive to the changes in 
the index of refraction of the liquid. Previous experiments by Schmidt and co-workers [6] did not 
consider possible systematic errors introduced by the temperature dependence of the index of 
refraction of the liquid. We note that in our 2002 study of spherical metal nanoparticles in toluene, 
we also neglected changes in the index of refraction of the liquid.  The laser wavelength of 770 
nm used in the 2002 experiments was far removed from the plasmonic resonance of the 
nanoparticles. Nevertheless, the dependence of the transient absorption signal on the temperature 
field in the liquid adjacent to the nanoparticles may be the cause of the anomalously low interface 
conductance observed in that work for nanoparticles suspended in toluene. 
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The plasmonic Au nanostructures employed in our current experiments are 120 nm diameter, 20 
nm thick Au nanodisks supported on a fused silica substrate. Supported nanodisks enable us to 
study combinations of interface chemistries and liquid compositions that would be inaccessible in 
suspensions of metallic nanoparticles. The surface properties of the nanodisks are manipulated 
using methods that are well established for functionalizing planar Au films.  We employ a 
hydrophilic SAM of sodium 3-mercapto-1-propanesulfonate (SH(CH2)3SO3Na) or a hydrophobic 
SAM of 1-undecanethiol (CH3(CH2)9CH2SH). We studied two series of liquid solutions: i) water-
ethanol mixtures; and ii) varying concentrations of glucoside (C12H24O6) in the water. 
 
4.2. Experimental  
The plasmonic sensor chips were obtained from Insplorion AB (Gothenburg, Sweden) [30]. The 
sensor chip consists of Au nanodisks fabricated by hole-mask colloidal lithography on a substrate 
of fused silica. [31] 
We confirmed the stability of the SAM layers by comparing the contact angle of a water droplet 
on Au thin film coated by hydrophilic and hydrophobic SAM layers before and after placing the 
Au thin film in the ethanol and water for 6 hours. We do not observe the significant change in the 
contact angles of SAM layers coated samples. 
To characterize the optical response of the Au nanodisks, Al2O3 films were deposited on the Au 
nanodisks by atomic layer deposition (ALD, Cambridge Nanotech). Alternately pulsed trimethyl 
aluminum (TMA) and deionized water vapor were carried into the reaction chamber with N2 carrier 
gas of 360 sccm at a pressure of 1 Torr at 80 oC. [32]  
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4.3. Results 
4.3.1 Characterization of Au Disks Size and Distribution 
We use Au nanodisks supported on fused silica substrates as the heat source and temperature 
sensor in pump-probe transient attenuation measurements. We use the term “transient attenuation” 
in place of the more common “transient absorption” because the contribution of scattering to the 
extinction coefficients of 120 nm diameter nanodisks is not negligible.  We use scanning electron 
microscopy (SEM), see Fig. 1 (a), to determine the fractional surface coverage, 0.08, and nanodisk 
diameter, 120±10 nm. We use atomic force microscopy (AFM), see Fig. 1 (b), to determine the 
thickness of the nanodisks, 20±2 nm. The diameter determined by SEM is more accurate than by 
AFM because of the finite radius of curvature of the AFM probe tip. 
 
4.3.2 Spatial Scale of The Plasmon Electric Fields for Au Nanodisks 
To determine the spatial extent of the plasmon electric fields, we measured the optical absorption 
spectra of the Au nanodisks as a function of Al2O3 film thickness deposited by atomic-layer 
deposition (ALD), see Fig. 2. The peak in the optical attenuation shifts to longer wavelengths with 
increasing thickness of Al2O3, as expected [7], and saturates at a red-shift of 115 nm. We 
calibrated the ALD deposition rate in separate experiments by placing a fused silica substrate with 
a uniform Au coating next to the Au nanodisk sample in the reactor chamber and measuring the 
alumina thickness on the calibration sample by variable angle spectroscopy ellipsometry. The 
index of refraction of Al2O3 films grown by ALD at 150
oC is n≈1.63. [8] The wavelength shift 
produced by spin-coating by 100 nm PMMA is 85 nm. The index of refraction of PMMA is n=1.48. 
Thus, the wavelength shift of 85 nm for PMMA is in good agreement with the high coverage limit 
of Al2O3: the normalized wavelength shift is both cases is 180 nm per refractive index unit (RIU).  
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Figure 4.1 (a) Scanning electron microscopy image of Au nanodisks on fused silica. The fractional 
surface coverage is ≈ 8 %. The nanodisk diameter is 120 ± 10 nm. (b) Atomic forced microscopy 
image of Au nanodisks on fused silica. The nanodisk height is  20 ± 2 nm. 
Fig. 2(b) shows a comparison between the measured wavelength shift and an approximate 
functional form that we use to determine the spatial extent of the plasmon electric field. The fitting 
function is an exponential with a 13 nm characteristic length. We conclude that the sensitivity of 
the Au nanodisk to the refractive index of the surrounding material is localized within 13 nm of 
the Au surface. 
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Figure 4.2 (a) Optical absorption spectra of Au nanodisks as increasing the thickness of Al2O3 
layer deposited on the nanodisks by atomic layer deposition (ALD). Tr is the optical transmission. 
(b) The wavelength for peak optical absorption as function of the thickness of Al2O3 layer. 
Measurements from panel (a) are shown as filled circles. The solid red line is the best fit to an 
exponential function used to determine the spatial extent of the electric field of the plasmon.  
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4.3.3 Temperature Rise of Au Nanodisks Induced by The Optical Pulses 
The homogeneous width (full-width-at-half-maximum) of the absorption is expected to be ≈ 90 
nm based on the predictions of the electrostatic spheroid model.[9]. This predicted homogeneous 
width is only 20% smaller than the observed inhomogeneously broadened width, ≈110 nm. Since 
the measured attenuation is a factor of 4 times larger than the areal coverage, the optical cross-
section of the nanodisks, σm=42103 nm2, is a factor of 4 times larger than the physical area. 
Langhammer, et al. calculated the absorption cross-section of Au nanodisks with the same 
dimensions as ours using modified-long-wavelength-approximation (MLWA) electrostatic 
spheroid model. Their work yields 30103 nm2 for the optical absorption cross-section.[10] With 
increasing nanodisk diameter, the scattering contribution to the attenuation becomes more 
significant. The ratio of the scattering cross-section to the absorption cross-section of Au nanodisks 
with similar dimensions as ours is measured to be 2. [10] Therefore, the observed absorption 
cross-section of the nanodisk is 28103 nm2 , in good agreement the calculated value. [10] 
We estimate the average heating of the Au nanodisks created by each optical pump pulse as 4 K 
based on the average laser fluence, absorption cross-section, and the heat capacity per unit area of 
20 nm of Au. The average laser power in both the pump and probe beams contribute to steady-
state heating. With 1.5 mW average power in both the pump and probe beam, the calculated 
average steady-state temperature rise is ≈14 K.[11]   
4.3.4 Transient Absorption from The Change in The Temperature of Fluid 
As we have discussed previously, [5] the transient attenuation signal measured with the probe 
wavelength tuned to the peak of the plasmon resonance is only dependent on the temperature of 
the plasmonic nanostructure. Shifting the wavelength of the probe away from the peak optical  
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Figure 4.3 The change in optical transmission ΔTr  of Au nanodisks supported on a silica substrate, 
immersed in water, and heated by 9.2 MHz modulation frequency of pump beam at 10 ps (black 
circles), at 3 ns (blue circles), and using low frequency (100 Hz) modulation frequency of pump 
beam (red circles). The temperature dependence of the dielectric constant of  water at 800 nm 
wavelength, -2.4×10-4 K-1, is a factor of 20 larger than the temperature dependence of the 
dielectric constant of fused silica, 1.2×10-5 K-1. The wavelength of the optical attenuation peak is 
810 nm. 
attenuation induces a contribution to the transient attenuation from the temperature dependent 
changes in the index of refraction of the surrounding liquid.[5,12,13] A convenient way to observe 
the different contributions to the signal are to compare the transient attenuation signal measured at 
short delay times—at short delay times, all of the heat is confined to the Au nanodisk—to the 
modulated attenuation signal measured at a low modulation frequency of 100 Hz where the 
temperature field is essentially uniform on micron length scales.  As expected, see Fig. 3, the 
wavelength of the peak transient attenuation signal at short delay time coincides with the peak 
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optical attenuation. At low modulation frequency, the attenuation signal has a maximum at a probe 
wavelength that is 30 nm greater than the wavelength of peak attenuation. 
The change in transmittance of the Au nanodisks is the sum of terms contributed by the 
temperature dependence of the index of refraction of Au and the temperature dependence of the 
index of refraction of the surrounding media.[12] 
  1 2 mAu m
1 2 m
d d dTr Tr Tr
Tr T T
dT dT dT
λ λ
ε ε ε
λ
ε ε ε
  
     
     
     
,          (4) 
where TAu is the temperature of the Au nanodisk, Tm is the temperature of surrounding media, ε1 
and ε2 are real and imaginary parts of the dielectric constant of Au, and εm is the dielectric constant 
of the surrounding media. At short delay time,   Au mT T  and the first term dominates. At low 
modulation frequency measurements, Au mT T   and the transient attenuation signal is due to the 
temperature change of the Au nanodisk and the surrounding media.  
The effect of the temperature change of fused silica on the transient attenuation signal is 
negligible because the temperature dependence of the fused silica dielectric constant, dε/dT ≈ 
0.012×10-3 K-1 [14] at 750 nm, is much smaller than the temperature dependence of the ethanol 
dielectric constant, dε/dT ≈ -1.1×10-3  K-1, or the temperature dependence of the water dielectric 
constant, dε /dT ≈ -0.27×10-3  K-1  [15,16] At wavelengths blue-shifted from the peak absorption, 
the contribution to the transient attenuation signal from heating of the surrounding liquid has the 
opposite sign as the contribution to the signal from the temperature of the Au nanodisk; at 
wavelengths red-shifted from the peak attenuation, the contribution to the transient attenuation 
signal from heating of the surrounding liquid enhances the contribution to the signal from the 
temperature of the Au nanodisk.  
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Figure 4.4 The wavelength for peak optical attenuation as function of (a) the refractive index of 
the water-ethanol mixture, and (b) the concentration of glucoside in water. The peak wavelength 
shift (Δλmax) is the difference between the peak wavelength of the attenuation in air and in the 
liquid. 
4.3.5 Static Shift in The Plasmon Resonance 
 The static shift in the plasmon resonance also provides a useful way of characterizing the 
interface. In Fig. 4 (a), we plot the wavelength shift, i.e., the difference between the wavelength of 
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peak absorption in air and the peak absorption in the liquid. The refractive index of water-ethanol 
mixture was taken from ref 36. [17] The wavelength shift for SAM-terminated Au surface 
increases systematically with increasing refractive index of the liquid with a slope of 170 nm per 
refractive index unit (RIU), slightly smaller than our calibration of 180 nm/RIU. The wavelength 
shift for untreated Au nanodisks, however, shows irregular behavior that we attribute to 
hydrocarbon contamination of the Au surface.  
The wavelength shift for SAM-terminated Au nanodisks is plotted as function of the 
concentration of glucoside in water in Fig. 4 (b). The wavelength shift increases at a threshold 
concentration of 10-2 mM glucoside for hydrophobic Au and at a threshold of 1 mM for hydrophilic 
Au. This shift is at first surprising because the change in the index of refraction of the solution 
with concentration is negligible, dn/dC 0.15 ml/gm. [18,19] and therefore 100 mM glucoside 
creates only a 3.6×10-3 increase in the refractive index of the liquid.   
We instead attribute the wavelength shift to accumulation of glucoside  near the interface. We 
estimate the equivalent thickness of a glucoside layer on the Au nanodisks from the refractive 
index of glucoside and our measurement of the peak wavelength shift as a function of thickness of 
Al2O3 coatings. At 100 mM glucoside, the shift of peak wavelength from the peak wavelength in 
the water is 3 nm for hydrophilic Au nanodisks, and 6 nm for hydrophobic Au nanodisks, which 
corresponds to 1 nm and 2 nm equivalent thickness of glucoside, respectively.  We do not yet 
understand the true thickness and composition of these layers and speculate that the apparent 
increase of the equivalent thickness of the glucoside layer on hydrophobic Au is partially due to 
swelling of the hydrophobic SAM due to the hydrophobic interaction between the hydrophobic 
SAM and the tail of glucoside molecules.[20] 
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Figure 4.5 Transient changes in the optical transmission created by heating by the pump optical 
pulse of Au disks having hydrophilic surface; ΔTr is the measured change in optical transmission 
of the probe beam. Transient changes in six different composition of water-ethanol mixture are 
measured with (a) the wavelength of the peak in the optical attenuations, and (b) the wavelength 
30 nm red-shifted from the attenuation peak.   
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4.3.6 Transient Absorption Measurement 
In Fig. 5, we plot the transient attenuation signal measured for the Au nanodisks coated with 
hydrophilic 3-mercapto-1-propanesulfonate in various composition of water-ethanol mixtures. In 
these measurements, the pump and probe wavelengths are tuned to coincide with the wavelength 
of peak absorption, Fig. 5 (a), and the wavelength close to the steepest slope of the absorption, Fig. 
5 (b). At the wavelength of peak absorption, the transient attenuation data potted in Fig. 5 (a) 
reflect the temperature of the Au nanodisks. For the data plotted in Fig. 5 (b) the transient 
attenuation signal has a contribution from the temperature of the Au but is mostly due to the 
temperature change of the water-ethanol mixtures near the interface. A convenient consistency 
check on the data is that the “breathing mode” acoustic oscillation at short times, t < 500 ps, is 
minimized at the same wavelength that minimizes the sensitivity to the liquid temperature.  
 
4.4 Analytical Thermal Transport Model and Data Analysis 
We developed a numerical model, see Fig. 6, to analyze the heat flow from the Au disks to the 
surrounding liquid and the fused silica substrate. We build on the approach described in ref 5 and 
use a two-dimensional partial-differential-equation solver and map a cylindrical heat flow problem 
in r and z coordinates into the x-y plane using a change of variables.  
The model is therefore composed of 5 regions : (1) a disk-shaped Au nanodisk with dimensions 
20×60 nm2;  (2) a substrate; (3) a surrounding liquid with a spatial extent large compared to the 
thermal diffusion distance;  (4) an interfacial region of 0.05 nm thickness, small heat capacity 105 
J m-3 K-1 , and thermal conductivity Λ1 that represents the interface thermal conductance between 
the Au nanodisk  and the substrate; and (5) an interfacial region of 0.05 nm thickness, small heat 
capacity 105 J m-3 K-1, and thermal conductivity Λ2 that represents the interface thermal  
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Figure 4.6 Schematic of the cross-section of the three-dimensional cylindrical model used for 
analyzing the transient attenuation measurements. Heat flows from the disk-shaped Au nanodisk 
to both the surrounding liquid and a fused silica substrate. Two interface layers, which are thin ~ 
0.05 nm and have small heat capacity ~ 0.1 J m-3 K-1, represent the interface thermal conductance 
of the Au nanodisk / liquid and Au nanodisk / fused silica interfaces. 
conductance between the Au nanodisk and the surrounding liquid. The thermal conductivity of the 
interfacial regions in the model can be converted into the thermal conductance of the interfaces G 
by G = Λ/h with h=0.05 nm. The heat capacities and thermal conductivities of the liquids are drawn 
from ref 21 and 22.  
We performed tests of the numerical model and determined the interface thermal conductance 
between the Au nanodisks and the fused silica substrate by fitting the data obtained from Au 
nanodisks without any liquid. We also applied a small correction to account for the fact that the 
diameter of the pump beam changes by 10% at long delay time. Data in air are fit with the 
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interface thermal conductance of Au / SiO2 as the only free parameter, G = 85 ± 10 MW m
-2 K-1 
in good agreement with the conductance of a Au / SiO2 interface prepared by sputter deposition 
and measured in our laboratory, G = 65 ± 10 MW m-2 K-1.[23] 
The Au nanodisk also detects changes in the temperature of the liquids to a characteristic 
electromagnetic field decay length, L. A rough estimate of L in the liquids is  the 13 nm length 
measured with the Al2O3 film, multiplied by the ratio of the refractive index of the liquid to the 
refractive index of Al2O3; i.e., we estimate L 15 nm for the liquid mixtures.  The optical 
transmission of the Au nanodisks is depenent on a weighted average of the temperature distribution 
θ(z) of the liquid 
 

 
0
1 z
T (z)exp( )dz
L L
.
  
(5) 
From this numerical model, we predict both the temperature of the Au nanodisks and the average 
temperature of the liquid near the surface of the Au nanodisks weighted according to Eq. 5.  
Fig. 7 shows example data and fits to the thermal model for the case of hydrophilic treated 
nanodisk in water at two probe wavelengths. To reduce the influence of the acoustic signal at the 
short time to the fits, we subtract the acoustic signal by fitting the acoustic oscillations to a damped 
sinusoidal function. Data measured at the wavelength of peak attenuation is fit with the Au 
temperature, see Fig 7 (a), and data measured at the wavelength that is 30 nm greater than the 
wavelength of peak attenuation is fit with a linear combination of Au and liquid temperature, see 
Fig. 7 (b). The best fit gives a ratio of the two terms, i.e., the ratio of the coefficient for the liquid 
temperature divided by the coefficient for the Au temperature, as ≈ 20. The ratio of these two terms 
is expected to be ≈ 24 based on the predictions of the modified-long-wavelength-approximation 
(MLWA) electrostatic spheroid model. [10]  
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Figure 4.7 Examples fits of the heat transfer model to transient attenuation data measured with (a) 
the probe wavelength set to the wavelength of the peak optical attenuation and (b) the probe 
wavelength red-shifted by 30 nm from the attenuation peak. The sample is hydrophilic Au 
immersed in water. The solid red line is the best fit used to determine the thermal conductance G 
of the nanodisk / water interface. In panel (b), the dashed red line is the data before subtracting the 
radial breathing mode acoustic signal. 
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Since the increase in temperature of the liquid near the interface is a more sensitive probe of the 
interface conductance than the decay of the metal temperature, measuring and modeling the 
temperature change of the liquid near the interfaces provides a more sensitive method for obtaining 
G than measuring and modeling only the temperature change of the Au nanodisk. 
The absolute magnitude of the transient transmittance signals allows us to estimate the 
temperature dependence of the optical transmittance of d(Tr)/dT at the wavelength of peak 
absorption:  d(Tr)/dT 1.0×10-4 in good agreement with d(Tr)/dT 0.8×10-4 estimated from the 
electrostatic spheroid model. Similarly, we estimate the temperature dependence of the refractive 
index of dn/dT for the liquid mixture based on a scaling factor between the data measured at the 
wavelength 30 nm red-shifted from the attenuation peak and the refractive index dependence of 
the optical transmittance of d(Tr)/dn 0.53 measured from the previous experiment of spin-coating 
of nanodisk sensors by 100 nm PMMA. As the composition of the liquid mixture is changed from 
pure water to pure ethanol, dn/dT varies over the range -3.8×10-4  < dn/dT < -1×10-4 in good 
agreement with dn/dT of ethanol water mixtures from ref 24.  
 
 
4.5 Discussion 
Fig. 8 (a) summarizes our measurements of G for hydrophilic, hydrophobic, and bare Au surface 
as function of the volumetric ratio of ethanol in the water-ethanol mixture. The fit is constrained 
to delay times between 50 ps to 3 ns. The deviation (D) between the experimental data and the fit 
was calculated by 
2
n
Fit Data
i 1 Data
Tr Tr
D
Tr
 
  
 
 , (6) 
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where TrFit and TrData are the transient attenuation signal of the fit and data at a certain delay time,  
n is the number of points. The uncertainties of the interface thermal conductance come from the 
value of the thermal conductance where the deviations (D) are twice the minimum deviation 
(D=0.3~0.6) between data and fit. 
For pure water, the interface thermal conductance of Au nanodisk / liquid is 180 ± 20 MW m-2 
K-1 for hydrophilic Au surface, 130 ± 16 MW m-2 K-1 for bare Au surface, and 75 ± 8 MW m-2 K-1 
for hydrophobic Au surface. Our measurements are consistent with the previous report by 
Harikrishna et al., 190 ±30 MW m-2 K-1 for hydrophilic Au surface, and 65 ±5 MW m-2 K-1 for 
hydrophobic Au surface.[25] Our experimental values for G at hydrophilic Au surface are 
approximately the same as the results for a hydrophilic Al surface studied by Ge et al., 180 ± 30 
MW m-2 K-1. However, our measurements are larger by factor of 2 than the results of hydrophilic 
Au surface measured by Ge et al., 100 ± 20 MW m-2 K-1 [26] possibly because of the additional 
thermal resistance created by the Al/Ti/Au interface in the transducer structure. 
The thermal conductance G decreases monotonically with increasing ethanol concentration in 
water for hydrophilic Au, while G for hydrophobic Au nanodisks is essentially independent of 
ethanol concentration.  For pure ethanol, the conductance of the hydrophilic interface is 30% 
higher than the hydrophobic interface, 87 ± 10 MW m-2 K-1 vs. 58 ± 8 MW m-2 K-1.  These values 
are a factor of 2 larger than we observed in our previous work for CTAB coated Au nanorods.[5] 
The thermal conductance G of glucoside solutions decreases with increasing glucoside 
concentration for hydrophilic interfaces and G is essentially independent of glucoside 
concentration for hydrophobic interfaces, see Fig. 8b. We do not observe the dramatic changes in 
conductance previously reported for the hydrophobic Au surface as function of the concentration 
of glucose and NaCl in the water. They prepared the hydrophobic Au surface by depositing a  
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Figure 4.8 Summary of the experimental results for G obtained by fitting the experimental data at 
delay times between 50 ps to 3000 ps to the model shown in Figure. 7. In panel (a), φethanol is the 
volume fraction of ethanol in water-ethanol mixture. Upon changing the volume fraction of 
ethanol, the thermal conductance of the nanodisk / liquid interface decreases for the Au nanodisk 
having hydrophilic and bare surface. Panel (b) shows that more than 1 mM of glucosides influences 
on the thermal conductance of the nanodisk-water interface for Au nanodisks having hydrophilic 
surface.  
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monolayer of chloroform onto the Au surface through a sonication bath. The thermal conductance 
of hydrophobic Au/water interface increases from 11 MW m-2 K-1 to 50 MW m-2 K-1 as the 
concentration of D-glucose and NaCl is varied between 2.5 mol kg-1 and pure water. They attribute 
the extremely low thermal conductance of Au/water interface to a residual of hydrophobic layer 
on the Au surface after sonicating the sample in IPA in the process of depositing the monolayer of 
chloroform on the Au surface. [27] 
Figure 9 summarizes trends in interface conductance as a function of the work of adhesion. The 
conductance is generally the largest when the work of adhesion is greatest but we do not observe 
a simple linear dependence as was observed in previous studies of pure water,[1]. For hydrophilic 
interfaces and both water-ethanol mixtures and aqueous solutions of glucoside, the work of 
adhesion is essentially twice the liquid surface energy because in all cases the contact angle is < 
20 o and cos 1   for small , see Eq. 1. The work of adhesion of hydrophilic interfaces with 
water-ethanol mixture decreases by factor of ≈3 with increasing the amount of ethanol in the 
mixture; the surface tension of the mixture decreases from 72 mN m-1 to 22 mN m-1.[28] Similarly, 
the surface tension of aqueous solution of glucoside is reduced to 35 mN m
-1 by adding 200 mM 
of glucoside into the water. [29] 
The work of adhesion for hydrophobic surfaces involves a competition between decreasing 
contact angle and decreasing surface tension with increasing concentration of ethanol or glucoside 
in water. In both cases, variations in the work of adhesion are quite limited for hydrophobic 
surfaces and spans a range of only 43 < W < 54 mN m-1.  Therefore, both the thermal conductance 
and the work of adhesion are confined to a narrow range of values. 
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Figure 4.9 The thermal conductance of Au nanodisk / liquid interface in the water-ethanol mixture 
(black and red symbols) and the glucoside surfactant solution (blue and green symbols) as a 
function of the work of adhesion calculated from the surface tension of the liquid and the measured 
contact angle, see Eq. 1. 
4.6. Summary 
We have advanced measurements of solid-liquid interface thermal conductance G through the 
use of thin plasmonic sensors that provide sensitivity to the temperature field in the liquid adjacent 
to the solid surface.  We applied our new approach to test the hypothesis that G is linearly related 
to the work of adhesion W. For hydrophilic interfaces, W can be varied over a significant range by 
varying the concentration of ethanol or glucoside in water.   For hydrophobic interfaces, we cannot 
significantly vary W using this approach.  The thermal conductance G is largest when the work of 
adhesion W is greatest, but we do not observe a linear relations ship between G and W. 
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CHAPTER 5 
AU NANODISKS AS PROBES OF EVAPORATION AND 
CONDENSATION ON AU SURFACE  
5.1. Introduction 
The phenomena of gas adsorption and desorption on the solid surface are of great importance to 
the thermal management of microelectronic devices using convective heat transfer [1,2], and thin 
film evaporation.[3] At a fundamental level, understanding how the gas adsorption and desorption 
affects the thickness of a film adsorbed on a solid surface provides the basic information on the 
adsorbate – solid surface interaction, and adsorbate – adsorbate interaction. The pressure 
dependence of the thickness δ of a film adsorbed on a solid surface is 
B 3
0
P A
k T ln( )
P 6πδ
  , (1) 
where P0 is vapor pressure of the gas, and A is the Hamaker constant derived by the van der 
Walls interaction energies for pairs of bodies of different geometry with the assumption of simple 
pairwise additivity. In rarefied media, gases, the effect of the surrounded atoms on the effective 
polarizability are small, and the assumptions of additivity is applicable. However, the assumption 
is not available in the condensed media, and the additivity approach cannot be extended to bodies 
interacting in a medium.[4] Dzyaloshinskii, Lifshitz, and Pitaevskii (DLP) further extended the 
theory to multi-body interactions treated as continuous media derived in terms of bulk properties 
as the dielectric constants and refractive indexes, which is called Lifshitz theory.[4] The Lifshitz 
theory uses the Hamaker constant for the interaction of two media 1 and 2 across a third medium 
3 in Eq. 1.  
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A number of molecular dynamic (MD) simulations have been reported to examine the validity 
of the classic Lifshitz theory in thin liquid films. Bhatt et al.[5] found that the Hamaker constant 
obtained from the simulations is about an order of magnitude larger than one from the classic 
theory. They attribute the origin of this discrepancy to a slab geometry for the density profile and 
the structureless fluid for the classical model. However, Carey et al. [6] and Hu et al. [7] predicted 
the Hamaker constant for an argon film on a metal surface and a water thin film on a solid wall by 
using MD simulation which are in good agreement with the classic theory. 
A number of adsorption experiments have been carried out in recent decades with various 
techniques to study the equilibrium thickness of adsorbed films versus pressure dependence. 
Sabisky et al. [8] measured the helium film thickness on single crystals of CaF2, SrF2, and BaF2 at 
1.38 K as function of gas pressure with the detection of simple acoustic standing-wave patterns of 
a given frequency. They observed that the data of the helium adsorption on SrF2 substrate agrees 
with the Litshitz theory. Beaglehole et al, [9] studied the adsorption of cyclohexane and water on 
mica substrate using an angle-averaging ellipsometric technique under various vapor pressures. 
The thickness of adsorbed film was reported to be ≈ 4 Å for cyclohexane, and ≈ 2 Å for water 
vapor at the half of the saturated vapor pressure. A quartz crystal microbalance (QCM) technique 
was employed to study the thickness versus pressure dependence of a variety of thin film (water, 
cyclohexane, nitrogen, krypton, and xenon) adsorbed on metal surface. They found that the 
nitrogen adsorption was well-described by the Lifshitz theory , but the water and cyclohexane 
adsorptions was not explained with the Lifshitz theory They believed that the classical theory 
describes the thin films adsorbed on the solid surface only when van der Waals forces dominate 
other forces such as dipole force, and thermal fluctuation of the film-vapor interface. [10] 
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The previous works have focused mainly on the equilibrium thickness of thin films adsorbed on 
the solid surface. Non-van der Waals forces such as electrostatic forces, and temperature 
fluctuation on the system can also change the adsorption behavior of the gas molecules on the solid 
surface. In this chaptor, we investigate the effect of the adsorbent property and the temperature 
increase on the adsorption / desorption of R124, and describe a new approach for probing the 
thickness changes of adsorbed film with Au nanodisks. We manipulate the Au surface properties 
with the hydrophilic SAMs of Sodium 3-mercapto-1-propanesulfonate (SH(CH2)3SO3Na) and the 
hydrophobic SAMs of 1-Undecanethiol (CH3(CH2)9CH2SH).  
Au nanodisks have strong optical absorption in the near-infrared that can be tuned by controlling 
the thickness and diameter.[11] The optical absorption of the Au nanodisks also depends on the 
dielectric constant of Au and the surroundings. Thus, measurement of transient absorption by 
pump-probe methods provide a sensitive method for probing the changes in the thickness of the 
films adsorbed on the Au nanodisks induced by the changes in the temperature of rapidly heated 
the Au nanodisk. In this study, we are using Insplorion Au nanodisks (120 nm diameter x 20 nm 
height) on fused silica substrates as the heat source and sensor in pump-probe experiments. We 
study the pressure dependence of adsorbed layer thickness for the hydrophilic and hydrophobic 
Au surface. 
 
5.2. Experimental  
The plasmonic sensor chips were obtained from Insplorion AB (Gothenburg, Sweden) [12]. The 
sensor chip consists of Au nanodisks fabricated by hole-mask colloidal lithography and optically 
transparent substrate of fused silica. [13] The Au nanodisks are evenly distributed and the 
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fractional surface coverage (Au nanodisk projected area / total area) is 0.08. The diameter and 
height of the nanodisk is 120±2 nm and 20±2 nm, respectively.  
We used variable angle spectroscopic ellipsometry (VASE, J. A. Wollam Co., USA) for 
characterizing the thickness of Al2O3 film on a 70 nm Au film deposited by e-beam evaporator on 
the fused silica substrate. 
We used 2-chloro-1,1,1,2-tetrafluoroethane (R-124, Dupont) and high purity Ar (99.999%, S. J. 
Smith Co.) as the pressurizing medium. 
With 1.5 mW average pump beam power, 8% surface coverage, 20% absorption of the 
nanodisks, and the thermal conductivity for fused silica substrate of 1.28 W m-1 K-1, the 
temperature increase created by heating from 100 Hz modulated pump optical pulse is ≈14 K. We 
estimated the temperature excursion of the nanodisks on fused silica substrate is ≈7% of the 
absolute temperature and we expect that the assumption of linear response of the transient 
absorption will be valid; i.e., the temperature excursion or time delay between pump and probe 
will not influence on the thermal properties of the sample. 
 
5.3. Results and Discussion 
5.3.1 Change in Optical Transmission of The Nanodisks with Respect to Changes in The 
Thickness of Al2O3 
The optical absorption spectra of the Au nanodisks coated with ~ 1 nm of Al2O3 film deposited 
with ALD is shown in Fig. 5.1 (a). The thickness of Al2O3 film was determined from the variable 
angle ellipsometry measurement. The peak wavelength where the absorption of the nanodisks is  
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Figure 5.1 (a) Optical absorption spectra of Au nanodisks before and after depositing 1 nm of 
Al2O3 film using ALD. The peak absorption shifted from 755 nm to 765 nm due to increasing the 
refractive index of the surrounding on the nanodisks. (b) The change in optical transmission of the 
nanodisks with respect to changes in the thickness of Al2O3 with assuming the linear relation 
between the transmittance change and the Al2O3 thickness on the nanodisks for the small changes 
of the thickness. 
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maximum increases with the dielectric constant of the surroundings from 755 nm for bare Au 
nanodisks to 765 nm for the nanodisks coated with 1 nm of Al2O3 film. 
In Fig 5.1. (b), we plot the change in optical transmission of the nanodisks with respect to 
changes in the thickness of Al2O3 (dTr / dh) vs the wavelength. Because the thickness of the Al2O3 
layer deposited on the nanodisks is sufficiently thin, we expect that the transient absorption 
response will be linear in small changes of the Al2O3 thickness. We determined the dTr / dh from 
the differences of the transmittance between the bare nanodisks and Al2O3 coated nanodisks 
divided by the thickness of the Al2O3 layer, ≈10 Å. At wavelengths blue-shifted from the peak 
absorption, dTr / dh has the negative sign. Near the absorption peak, dTr / dh changes sign; and at 
wavelength red-shifted from the peak absorption, dTr / dh has the positive sign. dTr / dh is 3×10-2 
nm-1 at 790 nm where the slope of the optical absorption is maximum. 
 
5.3.2 Transient Absorption Measurement in Various Pressure of R124 
Figure 5.2 shows the transient absorption signal of Au nanodisks in vacuum and various pressure 
of R124 (5 psi, 15 psi, and 25 psi) with 100 Hz modulation frequency of pump beam which has 
enough time for the system to be steady-state. The peak of transient absorption in vacuum is 
coincident with the peak optical absorption of the nanodisks in air. With increasing pressure of 
R124, the transient absorption signal decreases at wavelength blue-shifted from the peak 
absorption. Near the absorption peak, the transient absorption signal does not change; and at 
wavelength red-shifted from the peak absorption, the transient absorption signal increases. 
These results can be understood based on the transient absorption signal source which is heating 
and resulting changes in the index of refraction of the Au and the surrounding media. The 
transmittance change of Au nanodisks is a function of the change of the Au dielectric constant and  
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Figure 5.2 Transient changes in the optical absorption for vacuum, 5, 15, and 25 psi of R124 with 
(a) log scale (b) linear scale of y-axis; ΔTr  is the change in optical transmission of the nanodisk 
induced by 100 Hz modulation frequency of pump beam. The filled circles denote positive values 
of ΔTr and open circles denote negative values of ΔTr. 
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the change of the surrounding dielectric constants. [15,16] In vacuum, the transient absorption 
signals only responds to the temperature change of the Au nanodisks. With exposing the sample 
to R-124, the transient absorption signal is induced by the temperature change of the Au nanodisks, 
temperature change of R124, and the evaporation of R-124 molecules condensed on the Au 
surface. We can ignore the effect of the temperature change of R124 on the transient absorption 
signal, because the temperature dependence of the R124 dielectric constant ~ 7.5×10-6 estimated 
from Lorentz-Lorenz equation is comparably smaller than the temperature dependence of Au 
dielectric constant ~ 10-3. [17] Therefore, we attribute the additional transient absorption signal to 
the changes of the refractive index induced by the evaporation of R124 molecules condensed on 
the Au surface. 
 The transient absorption signal induced by evaporation / condensation of R124 on the 
nanodisks can be converted into the thickness changes of R124 layer on the Au surface from the 
optical transmittance measurements of Au nanodisks with ALD deposition of thin Al2O3 layer. 
The estimate of the changes in optical transmission of the nanodisks with respect to changes in the 
thickness of R124 is dTr / dh of Au nanodisks deposed with Al2O3, 3×10
-3 Å -1, multiplied by the 
ratio of the refractive index of liquid R124-to-the refractive index of Al2O3; i.e., we estimate that 
dTr / dh of Au nanodisks condensed with R124 is ≈2×10-3 Å -1at 790 nm. Upon changing the 
pressure of R124 from vacuum to 25 psi, ΔTr at 790 nm increases from -4.2×10-5 to 3.8×10-3 which 
corresponds to the changes of R124 layer, 1.9 Å . 
In Fig. 5.3, we plot the transient absorption measured for hydrophilic, hydrophobic, and bare Au 
surface as function of the pressure of R124. In these experiment, the pump and probe wavelengths 
are tuned to coincide with the wavelength of peak absorption in Fig. 5.3 (a), and the wavelength 
of the slope of the absorption in Fig. 5.3 (b). 
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Figure 5.3 (a) shows constant transient absorption signal with increasing pressure of R124, 
because the transient absorption signal at the wavelength of peak absorption reflects the 
temperature of the Au nanodisks and the transient absorption signal from changes in the refractive 
index of the surroundings is minimized at the wavelength of peak absorption. However, Figure 5.3 
(b) with the wavelength where the slope of the absorption is maximum shows a trend of increasing 
the transient absorption with increasing the pressure of R124. This means the changes in the 
thickness of adsorbed R124 layer increases with increasing the pressure of R124. 
These results can be understood based on the impingement rate (I) and desorption rate (D), 
P
I
2πmkT
 , (2) 
0
H
D N exp
kT
 
  
 
τ , (3) 
where P is the gas pressure, m is molecular mass of the gas, k is Boltzmann constant, N is the 
number of molecules adsorbed on the surface, τ0 is mean surface lifetime, and ΔH is the activation 
energy for the escape process.[18] The temperature increase created by heating from 100 Hz pump 
beam reduces the impingement rate of R124 molecules and increases the desorption rate, which 
decreases the thickness of the R124 layer condensed on the nanodisks. With increasing the R124 
pressure, the thickness changes in R124 layer condensed on the Au surface becomes larger, 
because change of the impingement rate induced by the temperature excursion is larger with higher 
pressure of R124.  
The transient absorption for the hydrophilic nanodisks, i.e., the changes in the thickness of R124 
layer, is larger than the one for the hydrophobic nanodisks.  For example, the thickness change of 
R124 on the hydrophilic surface at 25 psi is ≈ 1.9 Å, a factor of approximately 2 larger than the  
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Figure 5.3 Transient changes in the optical absorption of Au nanodisks having bare, hydrophilic, 
and hydrophobic surface under various pressure of R124. The data is measured with (a) the 
wavelength of 760 nm where the optical absorption peak is; and (b) the wavelength of 790 nm 
which is 30 nm away from the absorption peak. The filled circles denote positive values of ΔTr 
and open circles denote negative values of ΔTr. 
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changes in the thickness of R124 on the hydrophobic nanodisks, ≈ 0.9 Å. We attribute the lager 
change of the R124 layer for the hydrophilic nanodisks to a dipolar interfaction of hydrophilicity 
which is more attracting the refrigerant molecules than hydrophobic nanodisk having only van der 
Waals forces. 
 
5.3.3 Power Dependence of Transient Absorption of R124 
Figure 5.4 shows the pump power dependence of transient absorption in 20 psi of R124 for the 
hydrophilic Au nanodisks. In this experiment, the pump and probe wavelength are tuned to 
coincide with the wavelength close to the steepest slope of the absorption, 790 nm, where the 
transient absorption mostly responses to the condensation / evaporation of R124 molecules. At low 
powers (< 4.5 mW), the transient absorption signal shows a linear relation with the laser power 
which is proportional to the temperature increase of the Au. Increasing the temperature of the 
surface produces lager changes in the thickness R124 condensed on the Au nanodisks. At high 
powers (>4.5 mW), the transient absorption signal saturates at 4.5×10-4 which is corresponds to 
the thickness change of R124 layer, ≈2.3 Å. If all of R124 layer on the Au surface is evaporated 
with the elevated temperature change, we can expect the saturated transient absorption signal. In 
the most of experiments describe above, the average pump and probe power has been fixed at 1.5 
mW where the part of R124 molecules condensed on the Au surface is evaporated and condensed 
due to the temperature change of the surface; i.e., the transient absorption signal is linear in the 
laser power.  
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Figure 5.4 Power dependence of the change in optical transmission of the nanodisk coated with 
hydrophilic SAM. Transient absorption are measured under 20 psi of R124 with the wavelength 
of 790 nm which is about 30 nm away from the absorption peak. At high power region (>4.5 mW), 
the transient absorption signal is saturated to 4.5×10-4. We expect all of R124 layer on the Au 
surface is evaporated with the elevated temperature change. 
5.3.4 Transient Absorption Measurement in Various Pressure of Ar 
We performed further experiments by placing the sample in various pressure of Ar gas in an 
attempt to study the adsorption / desorption of molecules on Au nanodisk which has much lower 
critical temperature (151 K) than the one of R124 (396 K). In Fig. 5.5, we plot the transient 
absorption measured for the hydrophobic nanodisks with respect to the Ar gas pressure. For the 25 
psi of Ar, the change in the transient absorption induced by the change in the amount of Ar 
molecules on the Au surface is ≈ 2×10-5.  
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Figure 5.5 Transient changes in the optical absorption of Au nanodisks having hydrophobic 
surface under various pressure of Ar. The data is measured with the wavelength of 790 nm which 
is 30 nm away from the absorption peak. The changes in the amount of Ar molecules on the 
nanodisks have a linear relation with the pressure of Ar. 
We quantified the change in the amount of Ar molecules adsorbed on the Au surface from the 
transient absorption signal caused by the temperature change of the surface. If we assume that the 
refractive index is proportional to the number of the molecules, the change in optical transmission 
of the nanoidks with respect to the changes in the number of adsorbed Ar molecules  (dTr / dNAr) 
is dTr / dh of Au nanodisks deposed with Al2O3, 3×10
-3 Å -1, multiplied by the ratio of the refractive 
index of liquid Ar-to-the refractive index of Al2O3, and divided by the density of liquid Ar of 
3.51×104 mol m-3; i.e., we estimate that dTr / dNAr of Au nanodisks is ≈2.88×10-22 m2 at 790 
nm.[19] Thus, the evaporation and adsorption of Ar molecule of 6.94×1016 m-2 induced by the 
temperature change of the surface creates the transient absorption of 2×10-5 at 25 psi of Ar. For 
the case of the 25 psi of R124, the transient absorption signal shown in Fig. 5.3 (b) comes from 
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the thickness change of 0.9 Å  which corresponds to the changes of R124 molecule, 2.89×1018 m-
2. We attribute less adsorption of Ar molecule to the higher inter-molecular forces of Ar which 
influence the critical temperature and adsorption energy of the gases. [20] 
 
5.3.5 Pump-Probe Measurement of Transient Absorption in Various Pressure of R124 
Figure 5.6 shows the transient absorption measured with the modulation frequency of the pump 
beam, 9.2 MHz, in various pressure of R124. The Au nanodisks are abruptly heated by a sub-
picosecond optical pulse; the cooling of the Au nanodisks, and evaporation / condensation of R124 
molecules on the nanodisks is monitored by transient absorption. To obtain the transient absorption 
signal only from from the changes in the refractive index of surroundings, we did linear-
combination of two data sets measured at different wavelength—760 nm, and 790nm—to make 
the signal zero at 50 ps, because at the short time, t < 50 ps, the transient absorption signal comes 
mostly from the change of the Au temperature.  
Figure 5.6(a) shows the transient absorption signal from the change in the refractive index of 
surroundings and the functional form from the convolution of Au temperature profile as function 
of delay time and the exponential decay function. With increasing the R124 pressure, the transient 
absorption signal becomes larger. Considering the impingement rate and the desorption rate, the 
difference between the change of impingement rate and the change of the desorption rate induced 
by the temperature changes of the solid surface becomes larger in increasing the pressure. If the 
same temperature change is applied in the system, we can expect that the total thickness changes 
of the adsorbed layer on Au nanodisks increase with increasing the pressure, which corresponds 
with the increase of the transient absorption signal for the pressure changes. 
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Figure 5.6 (a) Transient changes in the optical absorption of nanodisks by pump-probe 
measurement; To obtain the response from the change in the refractive index of surroundings, we 
did linear combination of two data sets measured with the wavelength of 760 nm and 790 nm to 
make zero at 10 ps. The red line is the convolution of temperature change of the Au surface and 
the exponential decay function which has time constant as a fitting parameter. Panel (b) shows the 
time constant obtained by fitting the experimental data with the convolution function 
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To analyze the time scale of evaporation / condensation of R124 molecules on the nanodisks, 
we convoluted the estimated temperature of Au nanodisks with exponential decay function which 
has a time constant as fitting parameter. We estimated the temperature of Au nanodisk from the 
frequency domain solution of the temperature fluctuation described in Cahill et al. by assuming a 
flat shape beam, zero lateral heat flow in the Au layer, see Fig. 5.7 [21]  
The surface is heated by a pump laser beam with a flat distribution of intensity p(r). 
2
( )
A
p r
R
 ,
,  
(4) 
where A is the amplitude of the heat absorbed by the sample, and R is the radius of the pump beam, 
which is set to be equal to the radius of the Au nanodisk. The Henkel transform of p(r) is  
1(2 )( )
AJ Rk
P k
Rk


 ,
  
(5) 
The distribution of temperature oscillations at the surface θ(r) is the inverse transform of the 
product of P(k) and the Henkel transform of the frequency-domain solution for a layered structure 
that is heated at the surface by a periodic point source, G(k) 
0
0
( ) 2 ( ) ( ) (2 )r P k G k J kr k dk  

  ,
  
(6) 
The surface temperatures are measured by the changes in the transmitted intensity of the probe 
beam. The probe beam also has a flat distribution of intensity, and the radius of the probe beam is 
the radius of the Au nanodisk. The probe beam detects a weighted average of the temperature 
distribution θ(r) 
2
1
2 2
0
( (2 ))
( )
J kRA
T G k dk
R k


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   ,
  
(7) 
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Figure 5.7 The temperature of Au nanodisk calculated from the frequency domain solution of the 
temperature fluctuation described in Cahill et al. by assuming a flat shape beam, zero lateral heat 
flow in the Au layer. 
Figure 5.6(b) summarized the time constants obtained from fitting the experimental data to the 
model. The data show a trend of increasing time constant with increasing the pressure of R124. 
The physical meaning of the time constant in the exponential decay function is how fast the system 
recovers to the equilibrium state in applying temperature changes in the system. In the aspect of 
the impingement rate and the desorption rate, the higher pressure of R124 produces the faster 
responses in the change of adsorbed film thickness.  However, the trend of time constant in Fig. 
5.6(b) shows opposite behavior with the expected dependence of the time constant on the pressure. 
We attribute the opposite behavior of the time constant to the pressure dependence of the 
equilibrium thickness of the adsorbed film, because the equilibrium thickness is also increasing 
with increasing the pressure.  
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5.4. Summary 
We improved the transient absorption measurement using Au nanodisks for the study of the 
adsorption / desorption of R124 to the variations in the Au surface properties and the gas pressures. 
With analyzing the transient absorption signal with 100 Hz modulated pump beam, we measured 
the changes in the thickness of the adsorbed R124 film on the Au surface induced by the 
temperature increase. We found that the thickness change of R124 on the hydrophilic surface is 
twice larger than the changes in the thickness of R124 on the hydrophobic nanodisks due to the 
electrostatic force of the hydrophilic surface. 
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CHAPTER 6 
TDTR MEASUREMENT IN LIQUID R124 AT NEAR CRITICAL 
TEMPERATURE AND CRITICAL PRESSURE 
6.1. Introduction 
Fundamental understanding of heat transport from hot surface to their surroundings is needed 
for applications such as the refrigeration, electrical power generation, and chemical processing. 
Especially, the heat transfer in a phase change from liquid to vapor is of great importance due to 
the enormous amount of heat flux. The heat flux during the vapor formation is related with the 
critical heat flux (CHF) which is the peak heat flux that a surface can sustain without the formation 
of a continuous vapor layer. The value of CHF depends on a number of factors, such as liquid 
properties, the surface roughness, and surface chemistry. [1-3] 
A number of experiments have been carried out with various techniques to study heat transfer in 
high temperature. Using a pool boiling experiments, Gaertner et al. visually showed four distinct 
four regions of vapor formation between the initiation of boiling and critical heat flux. [4]  They 
observed the large vapor patches on the surface which impede heat transfer and induce the critical 
heat flux saturated. Chang et al. reported that the microporous coated Cu surface enhanced the 
critical heat flow between the copper surface and FC-72 with comparing the plain polished surface. 
[5] The laser-induced heating of nanoparticles in water was employed to study the heat transfer in 
the formation of the vapors. Kotaidis et al. investigated the vapor formation process in Au 
nanoparticle suspensions using pulsed x-ray scattering. [6] They showed that water temperature 
rises to near the critical temperature and the water undergoes an explosive evaporation in the 
subnanosecond range. 
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In the present work, we apply time-domain thermoreflectance (TDTR), an ultrafast pump-probe 
laser technique to study the heat transfer between Pt surface and refrigerant (R-124) near the 
critical temperature and critical pressure. To approach the extreme condition of R-124, we built 
the pressurizing system using the metal bellow, and ceramic heater on the pressure cell. We also 
studied the density and refractive index of the R-124 as function of pressure and temperature from 
the Brillouin frequency of the thermoreflectance signals.  
 
6.2. Experimental 
6.2.1 Preparation and Characterization of The Metal Transducer 
The sample for a study of phase change at solid-liquid interface is a sapphire substrate coated 
with 30 nm of Pt layer. To reduce the steady state heating induced by the optical pulses, we used 
the sapphire substrate of the high thermal conductivity, 35 W m-1 K-1. [7] We also used the thin Pt 
layer of the optical transducer to prevent the chemical reactions between the optical transducer and 
the fluid. The Pt layer is deposited on the sapphire substrate by dc magnetron sputter deposition at 
room temperature with 2 mTorr of Ar. The base pressure of the deposition chamber was < 5×10-8 
Torr. The thickness of the Pt layer on the sapphire substrate was determined by x-ray reflectivity 
(XRR, PANalytical). 
 
6.2.2 Details of The Experimental Apparatus 
The experimental apparatus is shown schematically in Fig. 6.1(a). The apparatus is mainly 
composed of the pressure cell which the sample is placed inside, the metal bellow for  
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Figure 6.1 (a) Schematic diagram of experimental apparatus. The pump light was heating the 
sample passing thought the sapphire window from the front side of the sample, and the probe light 
entered from the back side of the sample. The system is evacuated using the turbo pump, and the 
pressure of the refrigerant is controlled using N2 gas and the metal bellow. The used refrigerant is 
collected into the recycling cylinder using the compressor. (b) The details of the metal below. To 
prevent the N2 from dissolving into the refrigerant, the N2 gas is indirectly pressurizing the 
refrigerant using the metal bellow. 
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pressurizing the refrigerant, and recovery part for collecting used refrigerant. The probe beam 
passes through the sapphire of the sample from the back side of the sample, and pump beam enters 
into the pressure cell from the front side of the sample. 
The pressure cell has optically flat sight windows (φ=0.9 mm, t=0.45 mm, Rayotek, USA) of 
the fused silica which is designed for using up to 200 oC and 600 psi. A ceramic ring heater (φ = 
38 mm, Watlow) on the pressure cell enables the sample temperature to be raised, and the pressure 
cell is insulated from the air using the fiber glass and aluminum foil. The temperature of the 
pressure cell is monitored with Pt resistance temperature detectors (RTD, Omega). 
The pressure cell is evacuated with a turbo pump up < 3×10-6 mbar. The refrigerant is then 
injected into the system with opening the valve of the refrigerant cylinder. We used liquefied 2-
chloro-1,1,1,2-tetrafluoroethane (R-124, Dupont). The pressure of R124 in the gas cylinder keeps 
constant as the vapor pressure of 55 psi at room temperature. The R124 in the system is pressurized 
using N2 gas and the metal bellow. Figure 6.1 (b) shows details of the metal bellow and the nipple. 
The metal bellow separates the refrigerant from the N2 whose pressure can be controlled by the 
regulator. Controlling the refrigerant pressure is thus possible by the N2 pressure acting on the 
metal bellows. The used refrigerant is collected into the recovery cylinder by using the compressor 
(Gast, USA) with closing all the valves except the valve in in a line that leads to the compressor. 
 
6.2.3 Time-Domain Thermoreflectance Measurement 
The temperature response of the Pt layer is measured at 785 nm using time-domain 
thermoreflectance (TDTR) using a mode-locked Ti:sapphire laser that produces a series of <0.2 ps 
pulses at a repetition rate of 80 MHz. [8] The laser output is split into a ‘‘pump’’ which induce 
temperature increase of the Pt layer, and a ‘‘probe’’ beam, which detect small changes in the 
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reflectance of the Pt flim due to the change in the temperature of the Pt layer. The reflected probe 
beam is collected by a Si photodiode detector. The output of photodiode was measured by a rf 
rock-in amplifier synchronized to the modulation frequency of the pump beam, 9.2 MHz. The in-
phase signal of the lock-in amplifier Vin(t) is proportional to the thermal response of the sample, 
and the out-of-phase of the lock-in amplifier Vout(t) is determined by the imaginary part of the 
frequency domain response at the modulation frequency and approximately independent of the 
delay time. [9] In most of the experiments describe below, we used the ratio of – Vin / Vout, because 
the absolute magnitudes cancel out and normalization is unnecessary.  
The temperature rise of the metal surface is calculated using an analytical solution of the heat 
equation in cylindrical coordinates. [9] The thermal conductivity and heat capacity of Pt and the 
sapphire substrate was taken from Ref 7. With 10 mW average pump beam power, 5 mW average 
probe beam power, the temperature rise created by heating from each pump optical pulse is ≈16 
K, and the steady-state temperature rise is ≈6 K.  
 
6.3. Results and Discussion 
In Fig. 6.2, we plot the in-phase signal Vin for 200, 400, and 600 psi of the R124 as function of 
the temperature of the pressure cell at 100 ps of delay time. The in-phase signal starts decreasing 
near 75 oC, 95 oC, and 105 oC for 200, 400, and 600 psi, respectively. Considering the steady state 
temperature rise of 7 K, the temperature where the in-phase signal decreases is close to the boiling 
point of 83oC for 200 psi, 107oC for 400 psi, and the critical temperature of 122 oC for 600 psi. 
We also observed that the DC photodiode signal start decreasing at 85 oC, 105 oC, and 120 oC for 
200, 400, and 600 psi, respectively. We attribute the decrease of the in-phase signal to the  
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Figure 6.2 Thermal reflectance data as function of the temperature for the pressure of 200, 400, 
and 600 psi of R124; Vin is the in-phase or real phase of V(t) at 100 ps.  
instability of the fluids around the boiling points for the 200 and 400 psi and the critical 
temperature for the 600 psi, because the inhomogeneous vapor formation near the phase transition 
temperature induces the scattering of the incident light which can reduces the reflectance of the Pt 
layer. 
Figure 6.3 shows the TDTR results for the Pt layer on the sapphire substrate with heating the 
R124 and the sample together under the pressure of (a) 200 psi, (b) 400 psi, and (c) 600 psi of   
the R124. The ratio, -Vin / Vout has a  negative value due to the optical effects in the fluid. The 
temperature change in the refrigerant dominates the out-of-phase signal while the in-phase signal 
is dominated by the Pt thermoreflectance. The temperature dependence of the R124 refractive 
index, dn / dT at room temperature is ≈ -6×10-4 K-1 estimated from the Lorentz-Lorenz. [10] The 
R124 temperature dependence of the reflectance of Pt film is ≈ -1.3×10-4 K-1 which is larger than  
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Figure 6.3 TDTR measurements of Pt film as function of delay time at (a) 200 psi, (b) 400 psi, 
and (c) 600 psi in the temperature range of 25 oC < T < 105 oC. The – Vin / Vout is the ratio of in-
phase and out-of-phase signals. The ration has negative values due to the contribution of the out-
of-phase from the refractive index changes of the R124. The oscillations in each data are the 
Brillouin scattering from the R124. 
the Pt temperature dependence of the reflectance of Pt film, 0.3×10-4 K-1. [11] Therefore, we 
attribute the negative value of -Vin / Vout to the contribution of changes in the refractive index of 
R124 induced by the temperature increase. 
In Fig. 6.4, we summarize -Vin / Vout for 200, 400 and 600 psi of R124 as function of the 
temperature of the pressure cell at 100 ps of delay time. The data show a trend of decreasing -Vin / 
Vout with increasing the temperature of the pressure cell. The optical effect in the R124 increases  
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Figure 6.4 Thermal reflectance data as function of the temperature for the pressure of 200, 400, 
and 600 psi of R124; - Vin / Vout is the ratio of in-phase signal to out-of-phase signal at 200 ps. 
as increasing the temperature, because the temperature dependence of the refractive   index is also 
increasing with the temperature. For example, the value of dn / dT of the R124 for 400 psi increases 
from -6×10-4 K-1 to -2.5×10-3 K-1,with increasing the temperature from  25oC to near the boiling 
point of 107oC. [11] To understand the heat transfer at the interface of Pt and R124, we need a 
thermal model to analyze the -Vin / Vout in near future. A main difficulty in modeling the system is 
to include the optical effect of the fluid in the model. We must also consider the temperature 
dependence of the thermal properties including the thermal  
conductivity and heat capacity of the fluid at the extreme condition of the high temperature and 
the high pressure. 
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Figure 6.5 The summary of Brillouin frequency as function of temperature for 200, 400, and 600 
psi of R124. The solid line is the calculated data from the refractive index, and density of R124.[11]  
We observed the oscillations in the -Vin / Vout signals in Fig 3. The oscillation is coherent 
interference created by a thermally generated wave, and the frequency of the oscillation in the 
signal, referred to as the Brillouin frequency, is given by 
2nv
f
λ
 , (1) 
where n is the refractive index of the medium, v is the longitudinal speed of sound, and λ is the 
laser wavelength. The strain pulses are created by thermal expansion of Pt layer by heating of the 
pump pulses; the interference of probe pulses reflected from the strain pulse and the Pt surface 
generates periodic oscillation of frequency f in the signals. [12] 
Figure 6.5 summarized the Brillouin frequency obtained from the oscillations in the signal for 
200, 400, and 600 psi at various temperatures. Considering the steady-state temperature rise of the 
sample, 7 K, the experimental data is in good agreement with the Brillouin frequency calculated 
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from Eq. 1 and the data of refractive index and the longitudinal speed of sound taken from Ref. 
11. Therefore, analyzing the Brillouin frequency of the fluid in the extreme condition such as high 
pressure and high temperature, we can obtain the basic information of the fluid including the 
density, refractive index, and speed of sound. 
 
6.4. Summary 
We developed the high pressure equipment for studies of the heat transfer at the solid-liquid 
interface using the metal transducer of Pt thin film, liquid R124, and metal bellow system. With 
analyzing the Brillouin frequencies obtained from the time-domain thermal reflectance 
measurement for 200, 400, and 600 psi of the R124 at various temperatures, we measured the 
information of index of refraction for the various pressure and temperatures. We found that the 
experimental data of the index of refraction for R124 is consistent with the data taken from Ref. 
11. To achieve a better understanding of the heat transfer at the solid-liquid interface at the extreme 
condition, we need to establish the thermal model and using proper value of the thermal properties 
of the R124 at the high temperature and high pressure in near future.  
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CHAPTER 7 
CONCLUSIONS 
The combination of the pump-probe technique with the plasmonic Au nanostructures provides 
a sensitive method to measure the change in the temperature of the Au, the change in the 
temperature of the surrounding fluid, and the change in the amount of the adsorbed liquid layer on 
Au surface. Their strong transient absorption signals that are created by Au nanostructures enable 
us to study the heat transfer at the solid-liquid interface that has combination of interface 
chemistries and liquid compositions and the kinetics of evaporation and condensation of ulta-thin 
liquid layer on the Au surface. 
We developed a model system for studies of thermal transport surrounding nanoscale sources of 
heat using immobilized Au nanorods on quartz supports. On short time scales, t<200 ps, this 
system has high sensitivity to the thermal conductance of the nanoparticle fluid interfaces, even 
for the case of organic fluids where the thermal effusivity of the fluid much smaller than the case 
of water. We find a thermal conductance of the nanorod / organic-fluid interface in the range 20 < 
Gf < 40 MW m
-2 K-1,  a factor of ≈6 smaller than is typically observed for interfaces between 
surfactant coated metal nanoparticles with water.  
We improved the model system using Au nanodisks on the fused silica substrate which enable 
us to study combination of interface chemistries and liquid compositions that would not be 
accessible in studies of stable suspensions of metallic nanoparticles and the previous Au nanorods. 
Furthermore, with analyzing the increase in temperature of the liquid near the interface, this system 
has better sensitivity to the thermal conductance of the nanoparticle fluid interfaces. We 
experimentally showed a direct connection between interface thermal conductance and the work 
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of adhesion of nanodisk / fluid using hydrophilic / hydrophobic nanodisk, water-ethanol mixture, 
and aqueous surfactant fluid. 
In addition, we applied the transient absorption measurement using Au nanodisks for the study 
of the evaporation / condensation of R124 to hydrophilic / hydrophobic Au surface as function of 
the R124 pressures. With analyzing the transient absorption signal with 100 Hz modulated pump 
beam, we measured the changes in the thickness of the adsorbed R124 film on the Au surface 
induced by the temperature increase. We found that the thickness change of R124 on the 
hydrophilic surface is twice larger than the changes in the thickness of R124 on the hydrophobic 
nanodisks due to the electrostatic force of the hydrophilic surface. 
 
 
 
